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PREFACE 


This document contains the results of a study to determine the 
feasibility of remotely piloted, relatively stationary flight at very 
high altitudes, using current technologies. The project was used to 
fulfill part of the requirements for the Doctor of Engineering Degree 
for Ernald B. Graves, an in absentia graduate student at the University 
of Kansas. 
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CHAPTER 1 


SUMMARY 

This study has been conducted to determine the feasibility of a 
remotely piloted, High-Altitude Aircraft Platform (HAAP) which would 
perform year-around missions over the United States. Technologies 
anticipated to be available within the next 5 to 7 years were used in 
analyzing solar-, microwave-, and nuclear- powered concepts. Both blimps 
and airplanes were considered for carrying a nominal 100-pound payload 
requiring 1000 watts of continuous power. Societal attitudes toward a 
HAAP and its propulsion systems were also considered. 

Solar-powered HAAP concepts are extremely large, and conventionally 
shaped configurations cannot provide adequate surface for the required 
solar cells because of the combined requirements of maintaining station 
against high winter windspeeds and storing energy for use during the 
long winter nights. The development of all technologies to advanced 
levels projected herein could lead to a viable blimp design of manage- 
able size. Near-term technology levels should result in a reasonable 
sized blimp designed for lesser airspeeds. For HAAP applications, solar 
power appears to be more readily acceptable by society than the other 
propulsion methods considered in this study. 

Microwave-powered HAAP concepts do not require nighttime energy 
storage, and should result in relatively small vehicles that can perform 
the year-around mission; however, these concepts are restricted to 
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operation near a ground station. Current societal attitudes could 
result in controversy over the use of microwave-powered systems even 
though the required ground station would only transmit power at levels 
comparable to current satellite communications stations. 

Nuclear-powered HAAP concepts may be technically feasible; however, 
current societal attitudes toward the use of nuclear power would appear 
to prohibit the development of this concept. 
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CHAPTER 2 


INTRODUCTION 

Evolutionary advances in science and technology transform dreams 
into realities. The landing of a man on the Moon is one vivid example. 
Another, and one which has become an integral part of our society, is 
television. 

This report addresses the use of current and near-term science and 
technology to transform perhaps another dream into reality, that of a 
vehicle flying continuously without refueling. Of specific interest is 
a remotely powered, remotely piloted vehicle which flies continuously, 
and at high altitudes, in performing a variety of missions. This class 
of aircraft has been frequently referred to as a High-Altitude Aircraft 
Platform (HAAP), and includes both blimp- type and airplane-type concepts. 

Three propulsion systems are of interest for a HAAP. One of pri- 
mary interest is a solar-voltaic power system which uses direct energy 
from the Sun. This propulsion concept has been highly publicized over 
the past year by the flights of a solar-powered airplane, "Solar 
Challenger," developed by Dr. Paul MacCready (ref. 1). ‘ However, the 
requirement of high altitude and continuous (24 hours each day) flight 
for. a HAAP is a much greater technological demand than that for 
MacCready' s "Challenger." Another propulsion system of primary interest 
IS a microwave system. This system entails the collection and conver- 
sion of microwave energy transmitted through the air, to usable electric 
energy. Both of these systems provide exciting challenges for the 
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application of new technologies. ' Nuclear power, because of its rela- 
tively long time periods between refueling, may also be a viable pro- 
pulsion system for a HAAP. 

2.1 BACKGROUND 

The idea of developing an aircraft platform for a variety of pur- 
poses has been proposed for years. Platforms such as instrumented bal- 
loons have long been used for obtaining atmospheric data. More recently, 
however, increasing interest has focused on the need for a powered aerial 
platform capable of maintaining station for long periods and at a rela- 
tively high altitude. 

The National Aeronautics and Space Administration (NASA) has been 
involved in assessing the feasibility of a High-Altitude Aircraft 
Platform (HAAP). In 1977, NASA funded two HAAP related studies. One 
study (ref. 2) was performed by the Stanford Research Institute (SRI) to 
determine the technological feasibility of a HAAP concept and to esti- 
mate costs associated with the various HAAP configurations. The second 
study (ref. 3) was performed concurrently by Battel le Columbus Labora- 
tories (BLC). This study was to determine potential applications for 
the HAAP, the payloads for each application, and to compare the cost of 
the HAAP system for each application with the cost of competing systems. 
In addition to these studies, other HAAP related activities have also 
been undertaken. 

2.1.1 SRI HAAP Feasibility Study 

In reference 2, Sinko concluded that the most practical and eco- 
nomical propulsion method for a HAAP was a microwave propulsion system. 
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Consequently, essentially all of this study was devoted to microwave- 
powered vehicle concepts. Sinko also concluded that the only other 
practical alternative system would be chemical, i.e., hydrazine or jet 
fuel, with aircraft rotation or refueling. Aircraft rotation or refuel- 
ing was determined to be uneconomic. A nuclear-powered HAAP was deemed 
technically feasible but unlikely because of safety concerns. A solar- 
powered HAAP was considered technically prohibitive for a "reasonable" 
size "airship." Specific concept comparisons were absent from this 
study report. Figure 2.1 illustrates concepts favored by Sinko. 


Concept 1— Blimp 



Ground microwave 
transmitting antonna 


Concept 2— Airplane 



Circling flight 

I ‘ 


I I 

I . I 


I \ 



Ground microwave 
transmitting antenna 


Figure 2.1 - Two proposed High-Altitude Aircraft Platform concepts. 


Sinko estimated that the construction cost for either blimp or air- 
plane concept would range between $0.2 to $0.4 million (ref. 2, page 49). 
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2.1.2 BCL HAAP Applications Study 

This study (ref. 3) examined potential remote sensing and communi- 
cations applications for a HAAP that would fly in a circle above a 
ground-based microwave power installation at an altitude of 70,000 feet. 

Kuhner, et al. (ref. 3) concluded that for most remote sensing 
applications, a HAAP was more expensive and less flexible than aircraft 
that currently perform those missions, but two classes of remote sensing 
tasks were identified for which HAAP's are particularly suited. HAAP's 
were determined to be competitive with aircraft where very freguent 
coverage is required (more than once per day) and where wide-angle 
sensors are applicable for large areas to be viewed. Remote sensing 
missions specifically identified for HAAP were: 

(1) Forest fire detection 

(2) Marine traffic surveillance 

(3) Great Lakes ice mapping 

The study also identified communications applications that were 
well suited for HAAP's as being: 

(1) Direct broadcast to home televisions 

(2) Communications experiments 

(3) Mobile communications 

2.1.3 BCL HAAP User Definition Study 

Kuhner and McDowell at Battel le surveyed a group of scientists 
(ref. 4), representative of selected scientific areas, on future scien- 
tific requirements. The three broad discipline areas considered were 
atmospheric science (chemistry, physics, and pollution monitoring). 
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remote sensing of the Earth's surface, and astrophysics (radiation 
monitoring). This study concluded that the high-altitude platform has a 
"... definite potential as an astronomical platform for infrared and 
cosmic ray investigations and, to a lesser degree, as a tool for upper 
atmospheric research and remote sensing ..." 

2.1.3 Other HAAP-Related Studies 

In reference 5, Youngblood, et al., discuss HAAP mission scenarios 
that could be performed by a solar- or microwave-powered airplane. 

These scenarios included marine monitoring, such as the ocean disposal 
of waste materials. 

References 6 and 7 discuss solar-powered HAAP concepts. Parry 
(ref. 6) discusses the feasibility of a solar-powered blimp or airplane 
performing missions at an altitude of 100,000 ft. Parry concludes that 
the airplane, because it depends on dynamic lift to remain aloft, did 
not appear feasible. According to Parry, existing wing structural 
weight technology (1974) was the limiting factor. A blimp concept was 
deemed feasible since it depended only on static lift to remain aloft, 
requiring no power to maintain altitude at night. In reference 7, 
Phillips discusses some of the practical aspects of a solar-powered HAAP 
airplane design. Phillips concludes that existing solar cell technology 
is adequate for operating a HAAP, but that existing rechargeable bat- 
teries are too heavy. A flight plan consisting of climbing during the 
day to store energy and gliding at night is not feasible because the 
altitude lost during the night is excessive. 
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A microwave-powered HAAP airplane concept is discussed by Heyson in 
reference 8. Heyson discusses an airplane that cyclically climbs to an 
altitude of about 75,000 ft while in the microwave power beam, and then 
glides over 100 miles in a linear flight profile. Heyson concludes that 
this concept, which takes advantage of the inherent forward speed of the 
airplane, is feasible, but that substantial research and development 
would be needed to insure success within a reasonable period of time. ‘ 
Morris (ref. 9) and Turriziani (ref. 10) each discuss the effects of 
varying flight parameters on the feasibility of the Heyson (ref. 8) 
concept. 

In a microwave-powered system, the transmission efficiency decreases 
rapidly as the microwave beam is pointed away from boresight; thus, there 
is concern for minimizing the ground track of the aircraft. Sinko dis- 
cusses minimum ground tracks for circling flight in reference 11. Sinko 
concludes that for wind velocities below 0.35 of the airspeed, the 
minimum ground track is "D"-shaped (except in zero wind where the shape 
is a circle). When wind speed is greater than 35 percent of the air- 
speed, the minimum ground track is a figure-8 pattern. When the wind 
and airspeeds are equal, the aircraft can simply hover so that the 
ground track degenerates to a point. 

2. 1.4.1 The Hufnaqel Report 

In March 1978, the Department of Defense requested that the Inter- 
agency Committee on Search and Rescue examine emergency communications 
requirements, assess the ability of existing communications systems 
to meet the requirements, and if appropriate, develop a plan for an 
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Emergency Response Communications System. The Committee was composed of 
11 federal agencies and, for this task, was chaired by Air Force 
Major Ray Hufnagel. The Committee concluded that "... under emergency 
conditions, existing communication systems exhibit significant defi- 
ciencies in coverage ..." The study (ref. 12) proposed a single geo- 
synchronous communications satellite to provide coverage for the U.S. 
and its territories. It was anticipated that such a system would serve 
about 20,000 users. However, the Communications System ground rules were 
that the federal government would pay for the research and development, 
and the user would pay operational costs. This system cost was 
considered "... extremely difficult . . ."to assess, but thought to 
be, perhaps, too costly for a state government to meet its individual 
needs. 

Monreferencible documentations internal to NASA have suggested that 
a system of HAAP's would be a lower cost alternative to the Emergency 
Response Communications System discussed in the Hufnagel report (ref. 12). 
These documents indicate that perhaps as few as 13 HAAP's could provide 
coverage for the contiguous U.S. 

2.1.5 Summary of Proposed HAAP Applications 

Table 2.1 summarizes the applications that have been proposed for 
a HAAP. 
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TABLE 2.1 - SUMMARY OF PROPOSED HAAP APPLICATIONS 


Military 

Communications Relay 

Ballistic Missile Early Warning 

Aircraft Tracking 

Weather Monitoring 

Ocean Surveillance 

Battlefield Tactical Intelligence 

Nuclear Explosion Cloud Sampling 

Scientific 


Astronomical Observations 
Atmospheric Research 
Oceanographic Research 


Civil 


200 Mile Fishery Enforcement 
Border Patrol Surveillance 
Water Pollution Monitoring 
Atmospheric Pollution Monitoring 
Resource Management 
UHF TV Broadcasts 
National TV Distribution 
Ice Surveying/Mapping of Waterways 
Emergency Response Communications 

Forest Fire 
Flash Flood Alert 
Severe Weather 
National Disasters 
Man-Made Disasters 
Search and Rescue 


2.2 PROJECT PURPOSE AND OBJECTIVES 

The foregoing discussion has identified and summarized some of the 
studies which indicate a need for, or at least an interest in, a high- 
altitude aircraft platform. Feasibility studies of various HAAP con- 
figuration concepts and propulsion systems have also been summarized. 


10 


To date, no systematic evaluation of the various HAAP proposals have 
been made. The purpose of this research project is to perform that 
evaluation. Specific objectives of this research project were: 

(1) To determine the technology readiness in areas which impact the 
current and near-term feasibility of a HAAP. 

(2) To perform a systematic technical evaluation of blimp and air- 
plane concepts using current and near-term capabilities, with 
emphasis on solar-voltaic and microwave propulsion systems. 

(3) To identify the technologies that have the greatest impact on 
the overall concept feasibility of a HAAP, and the possible 
levels of future improvement. 

(4) To identify societal influences which may constrain or enhance 
HAAP performance or development. 

2.3 PROJECT APPROACH 

The approach used to accomplish the project research objectives is 
as follows: 

(1) Identify pertinent HAAP-related technologies and determine their 
technology readiness. 

(a) Conduct literature searches. 

(b) Acquire, review, and assess pertinent documents. • 

(c) Consult with recognized experts in specific areas. 
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(2) Develop tools for the analysis of HAAP concept. 

(a) Develop a computer code to analyze solar-voltaic and 
microwave-powered blimps. 

(b) Develop a computer code to analyze solar- voltaic and 
microwave-powered airplanes. 

(3) Evaluate concepts via parametric analyses. 

(a) Determine the sensitivity of concept feasibility to 
parametric variations. 

(4) Identify environmental concerns toward HAAP technologies. 

(a) Conduct literature searches. 

(b) Acquire, review, and assess pertinent documents. 
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CHAPTER 3 


THE OPERATIONAL ENVIRONMENT 

A major concern in providing for the systematic evaluation of a 
High-Altitude Aircraft Platform (HAAP) is a definition of its opera- 
tional environment. The civil argument for the justification of a HAAP 
has been based on its utilization within the confines of the United 
States (U.S.). Thus, in this study, the region considered for HAAP 
operation is the 48 contiguous states of the U.S. In global coordinates, 
the 48 contiguous states and its territorial waters approximately 
encompass the region between 24 and 49 degrees north' latitude and 
between 60 and 130 degrees west longitude (see Figure 3.1). (The 
importance of global coordinates will become clear in Chapter 4.) 

West longitude, degrees 



Figure 3.1. - Location of U.S. in global coordinates. 
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3.1 WINDS 


Because the missions for HAAP require that the platform be able to 
maintain station, the wind speeds that the platform will encounter 
become a significant design constraint. The general shape of wind pro- 
files across the United States resembles that shown in Figure 3.2 which 
is given in reference 13 (page 8.91) as a design criterion for the launch 
of aerospace vehicles. In this figure, the 99 percentile line, for 
example, means that 99 percent of the time the wind speed is equal to, 
or less, than that shown for the indicated altitude. 



Figure 3.2 - Wind profiles for aerospace vehicle design. 

The peak in wind speed near 50,000-ft altitude as shown in the fig- 
ure is the maximum speed of the "jet stream" region that is familiar to 
commercial aircraft pilots. It is apparent from Figure 3.2 that the 
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magnitude of the wind speeds to which a HAAP will be subjected is sensi 
tive to operational altitudes. 

The published literature on HAAP proposes an operational altitude 
of about "70,000 feet" (21 km). This altitude falls in a region of 
minimum winds. Except for supersonic transports and military aircraft, 
it is also well above any air traffic anticipated for the reasonably 
near future. 

Reference 14 is a survey of available wind-aloft data performed 
especially for the design of a high-altitude platform. .. The statistical 
data shown in Table 3.1 (ref. 14, page 11) represent years of climatic 
measurements at altitudes from 53,000 to 82,000 ft, and are the most . 
thoroughly gathered data of this type readily available. 


TABLE 3.1 - HAAP WIND DESIGN CRITERIA 
(53,000 to 82,000 ft altitude) 


Design speed 

Season 

Station keeping probability 
(percent of time) 

• 52 ft/s 

Winter 

60 

30 knots 

Spring 

90 


. Summer 

98 


Fall 

90 

68 ft/s 

Winter 

75 

40 knots 

Spring 

95 


Summer 

99.6 


Fall 

95 

84 ft/s 

Winter 

85 

50 knots 

Spring 

98 


Summer 

99.6 


Fall 

98 

127 ft/s 

Winter 

95 

75 knots 

Spring 

99.5 


Summer 

99.7 


Fall 

99.5- 
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If HAAP operation is performed on a yearly basis (as contrasted to 
a seasonal basis) as its missions indicate, and if it is to perform with 
at least a 95-percent probability of maintaining station, a HAAP must 
have at least the capability of operating in maximum winds of about 
127 ft/s. The average winds in which the HAAP must operate are modest. 
The highest average seasonal wind speed in this altitude region, about 
50 ft/s, occurs in the winter (ref. 14, page 14). 

Although gust phenomena at extreme altitudes are not well under- 
stood, some data based on flight measurements are available. NASA has 
used both the U-2 and XB-70 aircraft to record high-altitude gust data. 
The Air Force, in its High-Altitude Clear Air Turbulence Program (HICAT), 
also used a U-2 airplane to measure turbulence. Some results of these 
measurements are reported in references 15 to 17. Figure 3.3 (from 
ref. 17, page 983) illustrates the variation in recorded turbulence 
measurements. 
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Flight miles in turbulence, percent 


Figure 3.3 - Comparison of turbulence measurements. 

Figure 3.3 indicates a general lessening of turbulence at the 
altitudes considered herein (60,000 to 70,000 ft)'; however, the data, 
which are sparse, indicate an uncertainty of an order of magnitude in 
the percentage of flight miles in turbulence. 

It has often been assumed that the gust and turbulence environment 
at HAAP altitudes is benign and that the structural design requirements 
may be relaxed in favor of lighter weight. This philosophy tends to 
overlook a significant difference between conventional aircraft and HAAP 
vehicles. A conventional aircraft flies for a very few hours upon which 
it lands and can be inspected for damage. On the other hand, a HAAP 
vehicle flies continuously for about a year (8760 hours). During this 
period, there is no opportunity for inspection, repair, or overhaul. A 
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fatigue crack, once started, continues to propagate with a significant 
possibility of catastrophic failure during the long flight. The struc- 
tural design criteria for a HAAP must account for these possibilities. 

In view of the imperfect knowledge of the environment and the lack of 
experience with such long flight times, the initial choice of HAAP 
structural criteria may have to be more severe than those which are 
applied to conventional aircraft. 

3.2 TEMPERATURES 

The seasonal variation in atmospheric temperature with altitude, as 
well as the extreme temperatures recorded over Edwards Air Force Base, 
California (ref. 13, page 10.28), are shown in Figure 3.4. These curves 
resemble the average global temperature profile (ref. 18), and are 
thought to be representative of temperatures over the United States. 

Note in Figure 3.4 that minimum temperatures occur near the 70,000-ft 
altitude region proposed for HAAP operation. 

Using the Edwards' data as indicative of the ambient temperatures 
for HAAP, that range is about from -58°F to -112°F, including extreme 
weather conditions. 
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Figure 3.4 - Temperature profile over Edwards Air Force Base, California. 

3.3 ENVIRONMENTAL PARAMETER SUMMARY 

Reference 18 provides characteristic air properties such as 
density and kinematic viscosity for the HAAP altitude range. Tabtle 3.2 
is a summary of the HAAP operational environment. 
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TABLE 3.2 - SUMMARY OF HAAP ENVIRONMENTAL PARAMETERS 


Altitudes, ft 

Wind speeds, ft/s 

Temperatures, °F 

Densities x 10^, slugs/ft^ 
2 

Pressures, Ib/ft 
Kinematic viscosities x lo 


53,000 to 82,000 
42 to 130 
-112 to -58 
0.321 to 0.008 
216 to 53 

ft^/s 8 to 34 
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CHAPTER 4 


SOLAR-VOLTAIC POWER TECHNOLOGY 

Solar-voltaic power technology is. concerned with the direct con- 
version of energy from the Sun to electrical energy. 

4.1 GLOBAL INTEREST 

The published literature covering the various technological aspects 
of solar power is massive. Ongoing efforts in solar- voltaic power 
research and development are being conducted in France, West Germany, 
Japan, Italy, Great Britain, and Canada (ref. 19). Currently, the U.S. 
has a large financial commitment to furthering solar power technology. 
The National Photovoltaics Act authorized expenditure of $1.5 billion 
over a 10-year period for photovoltaic research, development, and 
demonstrauion. This Photovoltaic Systems Program, which had a $100 
million budget in 1979 and $130 million in 1980, is administrated by 
the U.S. Department of Energy. The European effort is- coordinated 
through the Commission of the European Economic Community and plans to 
spend about $50 million over a 4-year period on similar efforts. This 
global effort is primarily aimed at terrestrial application; that is, as 
an alternate energy source to petroleum based fuels. The primary focus 
for this application is on reasonable efficiency and low system cost for 
overall acceptability as an alternative to petroleum fuels. System 
weight is not a significant consideration. 

Solar-voltaic power technology focused on space application is 
being conducted primarily in the U.S. and Japan. Space application 
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focuses on high efficiency, reliability, and long life. Solar power 
system weight is of concern because it has major impact on launch weight 
for the spacecraft. However, once the spacecraft is in orbit, the solar 
power system weight imposes no penalty on the craft's operation, 
although it can affect dynamics when large panels are unfolded. 

A HAAP solar power system is faced with stringent constraints. It 
must not only have relatively high efficiency, but also low weight. 

The energy obtained through the solar power system must be used, in 
part, to keep the airplane, including the weight of the solar power 
system aloft. For HAAP, the requirements are similar to those of space 
technology rather than terrestrial application. 

4.2 THE SUN AND ITS ENERGY 

The Earth daily rotates about its own axis and annually orbits 
about the Sun as shown in Figure 4.1 (ref. 20, page 41). The energy 


Autumnal equinox 
September 22 



Vernal equinox 
March 21 


Figure 4.1 - The Earth's orbit. 
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that the Earth receives from the Sun varies slightly over the course of 
its yearly orbit. However, an average value for the Sun's energy flux 
on the Earth has been determined by satellite experiments to be about 
127 W/ft^ (1368 W/m^). This value (within 1 percent) is well 
established (ref. 21). 

The "top of the Earth's atmosphere" is often considered to be at 
30-km (98,425-ft) altitude because, for theoretical purposes, absorption 
and scattering of the Sun's energy in the Earth's atmosphere does not 
occur at altitudes greater than 30 km. Figure 4.2 (from ref. 22, 
page 44) shows the annual theoretical daily distribution of energy 
about the Northern Hemisphere at 30-km altitude. For the latitude 
region of the U.S. (24° to 49°), the daily solar insolation (energy) 
is greatest in the months of June and July. Figure 4.2 shows that. 



North latitude, degrees 

Figure 4.2 - Theoretical daily distribution of solar energy 
on the Northern Hemisphere. 
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during the year, incident daily solar energy at the "top of the 
atmosphere" over the U.S. varies from about 9 to 45 Watt-Day/ft^. 

This solar energy, only part of which is visible, is distributed over 
the wavelength spectrum shown in Figure 4.3 (ref. 22, page 5). 


c 

o 



Wavelength, 

Figure 4.3 - Wavelength distribution of solar energy. 

If the area under the curve of Figure 4.3 is integrated over all 
wavelengths, the calculated value will approximate that of the "solar 
constant" (127 W/ft'^). The distribution of solar energy in wavelength 
regions is shown in Table 4.1. 


TABLE 4.1 - DISTRIBUTION OF SOLAR ENERGY IN WAVELENGTH REGIONS 


Region, y 


Ultraviolet (below 0.38) 

7.0 

Visible (0.38 to 0.75) 

44.7 

Infrared (above 0.75) 

48.3 
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4.3 THE SOLAR CELL 


The solar cell is a photovoltaic device which responds to electro- 
magnetic radiation, generally in the visible wavelength region, and 
directly converts a portion of this energy to usable d-c (direct-current) 
electricity. References 23 to 33 provide a thorough background for 
understanding solar cell technology. Ongoing research efforts include 
the study of many materials, metallic and nonmetal lie, as well as organic 
and inorganic, to determine their photovoltaic properties and suitability 
for use in solar cells. 

Reference 29 is the single most comprehensive document on solar 
cell characteristics behavior and subsequent design, and much of the 
subsequent discussion is from that source. Currently, the two most 
advanced types of solar cells are Si (silicon) and GaAs (gallium 
arsenide). The principal advantages of Si cells are that silicon is a 
more abundant material (which contributes to the cell being more eco- 
nomical to manufacture) and it has less mass. GaAs cells are less 
susceptible to radiation damage which gives them longer lifetime in a 
space environment, and in that environment they are more efficient in 
converting solar-to-electrical energy. The maximum theoretical effi- 
ciencies are about 0.22 for the Si cell and about 0.27 for the GaAs 
(ref. 33, page 11). Table 4.2 illustrates some differences in typical 
Si and GaAs solar cells with identical volumetric size and surface 
area. 
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TABLE 4.2 - COMPARISON OF TYPICAL SOLAR CELLS 


Characteristics 

Solar 

cel 1 

Silicon 

Gallium arsenide 

Size, in. x in. x in. 

0.79 X 0.79 X 0.010 

0.79 X 0.79 X 0.010 

5 

Mass, slugs x 10 

1.93 

3.49 

Efficiency (at 77°F; 298°K) 

0.148 

0.157 


Note the temperature associated with the rated conversion efficiency 
in Table 4.2. Temperature has a significant effect on cell efficiency. 
The efficiency of Si cells typically changes by -0.005/°K and GaAs by 
-0.024/°K from the values at the reference temperature shown in the 
table (from ref. 33, page 23). 

Figures 4.4 (ref. 30, page 11.3-4) and 4.5 (ref. 1, page 4) are 
indicative of the relative response characteristics for solar cells when 
exposed to simulated space sunlight at 77°F (298°K). 


+J 



Wavelength, 

Figure 4.4 - Typical solar cell response characteristics. 
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Th© curves in Figure 4.4 show the distribution of soler energy at 
the "top of the atmosphere" (space sunlight), the simulation of that 
solar energy in the laboratory (filtered xenon simulation), and the bell 
shaped curve which is the response of the solar cell to the simulated 
solar spectrum. The solar cell response curve indicates maximum cell 
power conversion efficiency occurs for incident power having a specific 
wavelength, in this example, about 0.85 y (2.8 x 10~^ ft). A relative 
decrease in cell conversion efficiency occurs for incident power at wave 
lengths either longer or shorter than this optimum wavelength. 



Figure 4.5 - Typical solar cell power output characteristics. 

Although solar cells can be produced in a number of sizes and 
shapes, they are typically 0.79 x 0.79 in. (2x2 cm) or 0.79 x 1.58 in. 
(2x4 cm) with thicknesses from about 0.004 to 0.012 in. Figure 4.5 
illustrates the electrical characteristics typical of 0.79 x 0.79 in. 
(2x2 cm) solar cells when exposed to the reference solar radiation 
(126 W/ft ) at 77 F (298 K). Electrical characteristics vary with 
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thickness and material type, but are typically operated at about 0.5 volt 
and about 0.15 amps for a 0.79 x 0.79 in. cell. Maximum power occurs at 
the knee of the curve. 

4.3.1 Arrays 

In space application, solar cells are encapsuled by a cover for 
environmental protection, especially from charged particles which degrade 
cell performance. Space radiation is of less concern in the HAAP opera- 
tional environment, but a thin cover would be used to protect the cells 
from environmental effects such as mois-ture. Figure 4.6 (ref. 29, 
page 6.2-15) illustrates 9 cells electrically interconnected to form a 
sub-array. Typically, the cells are connected in both series and 
parallel electrical networks to obtain a desired system voltage and 
current. In turn, the sub-arrays are also electrically interconnected. 
The network can be wired so that in the case of a cell failure, only a 
few cells in the corresponding series network become inoperative. 



Figure 4.6 - Illustration of a solar cell array. 
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The wiring technique which was used on the 16,000 cell Solar Challenger 
airplane allowed a cell to fail without significantly affecting the 
Other cells in the electrical network (ref. 1, page 8). 

Historically, solar cell arrays have been used in space application 
since 1958 when an array provided power (about 1 watt) on board the U.S. 
satellite Vangard I (ref. 29, pages 1.1-1 to 1.1-4). The individual 
solar cells were about 0.79 x 0.20 in. with a rated (at 82°F) conversion 
efficiency of 10 percent. Since that time, most spacecraft have used 
solar cell arrays as the primary power source. Power systems on space- 
craft have, at times, used well over 100,000 individual solar cells in 
their design. 

4.4 TECHNOLOGY STATUS 

Solar-voltaic energy is a proven technology which has been demon- 
strated for about 25 years while undergoing continuous evolution. 

Figure 4.7 illustrates trends in solar cell efficiencies obtained from 
a variety of sources. The figure indicates the time lag associated with 
transferring laboratory results to production line status and includes 
both Si and GaAs cells. The trend curves of Figure 4.7 have been 
adjusted to the current standard of 1353 W/m^, and include the effect 
of a number of changes in the standards under which solar cell effi- 
ciency has been measured over the years. In 1971, a redefinition of the 
solar constant from 130 W/ft^ (1396 W/m^) to 126 W/ft^ (1353 w/m^) 
resulted in an apparent increase in cell efficiency of about 3 percent. 
(The current reference value for the solar constant used in solar cell 
technology is 1353 W/m^ although the actual value is now believed to 
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1960 1970 1980 


Year 

Figure 4.7 - Historical evolution of solar cell efficiency,. 

be 1368 W/m^.) A general decrease in reference test temperature from 
82°F to 77°F resulted in an apparent 2-percent increase in cell effi- 
ciency (ref. 29, page 3.12-1). Cells have become thinner in an effort 
to reduce spacecraft propulsion system mass, and this change also 
reduces efficiency. 

Current solar cell production line technology is represented in 
Table 4.3, and reflects recent discussion with representatives of the 
solar cell manufacturers (see Appendix B.l). 
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TABLE 4.3 - CURRENT STATUS OF SOLAR CELL TECHNOLOGY 


Cell type 

Si 

Si 

Si 

GaAs 

Cell size, in. x in. 

0.79 X 0.79 

0.79 X 0.79 

0.79 X 0.79 

0.79 X 0.79 

Cell thickness, in. 

0.004 

0.008 

0.010 

0.010 

Efficiency (77°F) 

0.140 

0.146 

0.148 

0.157 

Mass X 10^, slugs 

0.97 

1.60 

1.93 

3.49 

Weight x lo^, ib 

0.31 

0.51 

0.62 

1.12 

Specific power, W/lb 

244.4 

154.9 

129.2 

75.9 


The higher specific power system, silicon, is advantageous to HAAP 
appl i cation. 

Table 4.4 characterizes a silicon solar cell array system specifi- 
cally designed for HAAP application using current and near-term tech- 
nologies. The values shown for efficiency have been temperature 
adjusted to a HAAP representative operating temperature. 


TABLE 4.4 - TECHNOLOGY STATUS OF SOLAR-VOLTAIC POWER FOR HAAP DESIGN 



Current 

Near-term (2-4 years) 

Cel 1 type 

Silicon 

Silicon 

Cell size, 

in. X in. x in. 

0.79 X 0.79 X 0.004 

1.57 X 2.36 X 0.004 

Rated efficiency, 
(at 77°F; 2980K) 

0.140 

0.145 

Operating efficiency 
(at -76°F; 213°K) 

0.155 

0.160 

Array weight, Ib/ft^ 

0.09, 

0.08 

Specific power, W/lb 

197.5 

227.2 

W/ft^ 

17.5 

18.9 
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The values shown for near-term technology will be used in deter- 
mining the feasibility of solar-powered HAAP concepts. In addition, to 
account for atmospheric effects such as absorption, scattering, etc., 
and more significantly, the misalignment of the solar cells with the 
Sun s rays (including flight orientation and latitude) which prevents 
capturing the maximum available energy, a value of 111 W/ft^ (1200 W/m^) 
will be assumed herein to represent the average incident solar energy. 

The performance of a solar cell array specifically designed for 
HAAP will be considerably different from that of the Solar Challenger 
airplane. The "Challenger" used rejected space quality solar cells 
obtained from the U.S. Air Force through NASA. Values provided by 
Aerovironment, Inc. (see Appendix B.l), builder of the Solar Challenger, 
specify an array weight of about 0.20 Ib/ft^ and an average array 
operating efficiency, on a clear day, of about 0.125. It is important 
to note that the efficiency for the Solar Challenger is based on a dif- 
ferent energy spectrum (one that includes atmospheric effects) than that 
for HAAP (see Fig. 4.3). The reference solar energy appropriate for the 
Solar Challenger is approximately 93 W/ft^ (1000 W/m^). 
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CHAPTER 5 


MICROWAVE POWER TECHNOLOGY 

The microwave portion of the electromagnetic spectrum (see Table 5.1) 
has been used for long-distance communications, navigation, and radar for 
decades. The lower microwave frequencies (longer wavelengths, i.e., 
about 10® y) are being used daily and worldwide for radio and television 
transmission. In all of these applications, usable a-c or d-c power is 
converted to "radio" (microwave) frequencies and transmitted over "free- 
space." The technology of converting usable power to microwaves and the 
transmission of these microwaves over free-space has become a mature 
technology which has been readily accepted by society at the power 
levels typically used in communications. 

5.1 TECHNOLOGY BACKGROUND 

Although the daily transmission of low power microwave radiation is 
customary in our society, a technology which is in its infancy and which 
is vital to the concept of a microwave- powered high-altitude platform 
(HAAP), is collecting transmitted microwave energy and converting it 
back into usable energy. Reference 34 by Brown is an excellent summary 
of work on the collection and rectification of transmitted microwave 
energy for military applications. 

In recent years, emphasis on space applications of microwave power 
transmission and conversion in the U.S. has stemmed from a societal need. 

In 1973, the United States was confronted with an embargo by the oil 
exporting nations. Subsequently, in an effort to become "energy 
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TABLE 5.1 - SPECTRUM OF ELECTROMAGNETIC RADIATION 


Frequency, Hz 

Type of radiation 

Wavelength, y 

1022 

Cosmic rays 

10"^ 

O 

ro 

o 

Gamma rays 

10"® 

10^^ 

X-rays 

10-4 

10^6 

Ultraviolet 
Visible light 

10-2- 

10l4 


10° 

Infrared 


10^2 

Submillimeter waves 

1q2 

10^0 

Microwaves (radar) 

1q4 

UHF 


10^ 

Television and FM Radio VHF 

10® 

Short Wave HF 

AM radio MF 

10^ 

10^ 

LF 

lolo 

1q4 

Maritime communications VLF 


independent," the U.S. government embarked on an effort to determine the 
feasibility of using large satellites to collect solar energy, convert 
that energy to microwave energy, transmit the microwave energy over 
free-space, and, finally, to collect and convert that to electrical 
power suitable for nationwide distribution. The system proposed for 
obtaining this objective is called the Solar Power Satellite (SPS). 
References 35 and 36 discuss many efforts, both ongoing and complete, 
which relate to the Solar Power Satellite concept, and which, in part, 
address microwave power systems. A conceptual sketch of an SPS 
system is presented in Figure 5.1. 
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AlthouQh SPS does promote advances in microwave power transmission 
and reception technology, there is one fundamental difference between 
SPS efforts and those needed for a High-AI ti tude Aircraft Platform 
(HAAP). Efforts in SPS are focused on lightweight transmitting antenna 
which must be transported into Earth orbit. The receiving antenna for 
the system will be located on the Earth (land). Weight for this antenna 
to collect and rectify the microwave energy poses little concern. SPS 
emphasis is on conversion efficiency and low cost. An operational HAAP 
must be concerned about the weights of the various systems which must be 
carried on board. Emphasis for a HAAP becomes that of a low-weight 
rectifying antenna (rectenna) system. Figure 5.2 illustrates the con- 
cept of a microwave-powered HAAP. In the example, a HAAP airplane per- 
forms as a communications relay station while in circling flight. 
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Figure 5.2 - Concept of a microwave-powered HAAP airplane system. 

5.2 MICROWAVE POWER TRANSMISSION, RECEPTION, AND CONVERSION 

The process of microwave power transmission, reception, and con- 
version is illustrated in Figure 5.3 (from ref. 38) with the laboratory 
measured efficiencies associated with each process. The complete labora- 
tory experiment is reported by Dickinson and Brown in reference 39. This 
experiment is particularly important in that the capability of collecting 
and rectifying microwave power to usable d-c poweV was quantified. 
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54 % 

78% 

82% 


d-c 


Figure 5.3 - Overall and subsystem efficiencies of a 
microwave power transmission system. 


The process in Figure 5.3 which converts d-c power to microwave 
power is part of a mature technology. Radio and television stations per 
form this type of conversion daily. This type of power conversion is 
also performed in home microwave ovens. A device which performs this 
power conversion in the microwave oven (ref. 40, page 2.19) - a 
magnetron - is illustrated in Figure 5.4. 



Figure 5.4 - Microwave oven magnetron. 
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The efficiency associated with microwave power transmission as dis- 
cussed by Gaubau in reference 37 is shown in Figure 5.5. There are two 
important assumptions associated with the efficiency relationship in 
this figure which need mentioning. First, the transmitting device, which 
may be composed of many individual converters such as the magnetron shown 
in Figure 5.4 is assumed to be performing as a single transmitter. 

Second, the geometric shape (i.e., circle) of the transmitting surface 
is the same as that of the receiving surface. It should be noted that, 
theoretically, the wavelength of the microwaves could be made suffi- 
ciently short that the transmission losses are negligible. in 



XD 


where = area of transmitting antenna 
A^ = area of receiving antenna 
X = the v/avelength of the radiation 
D = the distance between the two antennas 

Figure 5.5 - Relationship for microwave transmission efficiency. 
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Figure 5.5 would correspond to the surface area of the microwave power 
transmitting antenna shown in Figure 5.3. would correspond to the 
surface area of the incident rectenna housed in the airplane. 5 is the 
actual linear distance between the two rectenna (between and A ). 
When the airplane is directly over the transmission station as shown in 
Figure 5.2, D equals 70,000 ft. (The economics associated with the 
efficiency of a microwave power transmission system is discussed in 
Chapter 14 (pages 194-195).) 

5.3 THE RECTENNA 

The process of receiving and converting microwaves to d-c power as 
depicted in Figure 5.3 is performed with a collecting and rectifying 
device called a rectenna. The energy is collected by simple dipole 
antennas. Conversion to d-c power is achieved by adding a solid-state 
electrical circuit using rectifying diodes at each dipole. A compre- 
hensive literature search indicates only W. C. Brown and his development 
team (Raytheon Company) to be actively engaged in the technical develop- 
ment of a rectenna to be used specifically by a HAAP. 

In 1963, microwave power (about 100 watts) was successfully col- 
lected and rectified to operate a d-c motor (ref. 41, page 5). This 
experiment led to a demonstration for using microwave power in 1964 
when a small tethered helicopter was powered by microwaves. In this 
demonstration (ref. 42), the 5-lb helicopter hovered 50 ft above the 
transmitting antenna. Usable d-c motor power was about 200 watts. In 
1976, a microwave power transmission field demonstration was performed 
at the Goldstone Facility in the Mojave Desert (ref. 43). In this 
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experiment, microwave power was transmitted over a distance of about 
1 mile with an average power density at the rectenna of about 121 W/ft . 
The average efficiency of the rectenna system was about 0.815, which 
validated the laboratory measurement of 0.82 (see Fig. 5.3). Figure 5.6 
(ref. 43, page 18) illustrates the 5-in. -thick rectenna array system 
used at Goldstone. Figure 5.7 (ref. 41, page 18) shows an individual 
dipole and the associated rectifying circuit as used in the array. The 
rectenna dipole (Fig. 5.7) was made of aluminum. The circuit shown 
included a solid-state diode rectifier which was made of gallium 
arsenide and attached to the aluminum transmission line (gold coated at 
the joints) to enhance thermal conductivity. The rectenna element, as 
shown, weighed about 0.009 lb. 



Figure 5.6 - Rectenna array used in microwave power 
transmission field demonstration. 
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Figure 5.7 - Rectenna used in Goldstone experiment. 

A thin-film rectenna specifically designed for a High-Altitude 
Aircraft Platform (HAAP) blimp is illustrated in Figure 5.8, and is 
described by Brown in reference 44. This rectenna is photoetched copper 



Figure 5.8 - Thin film rectenna proposed for HAAP. 
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on 1-mil thick Mylar. The diode heat sink uses a layer of platinum and 
one of gold at the copper junction point to prevent thermal damage, and 
performs electrically like the Goldstone diode circuit. The thin-film 
rectenna was designed to perform at ambient atmospheric pressure and 
temperature characteristic of the HAAP operational altitude (70,000 ft). 
Laboratory design tests were performed at an incident power density of 

p p 

16 W/ft'^. The 0.03 Ib/ft thin-film rectenna had an average conversion 
efficiency of 0.75. 

An important note for rectenna array design is that the diodes are 
self-fused. If a diode should fail, only that single rectenna element 
becomes inoperative. This rectenna characteristic was demonstrated at. 
Goldstone. It should also be noted that the maximum rectenna conversion 
efficiency is 0.50 unless it has a reflecting plane behind it (ref. 44, 
page 3.27). The reflecting planes used in the previously referenced 
rectenna experiments have been thin aluminum deposits. A metallic film 
about 0.08 mil thick is sufficient (ref. 44, page 3-27). In addition, 
experiments have indicated that a rectenna packing density of about 
19 rectenna/ft is about optimum. All of the rectenna development work 
has been conducted at microwave transmission frequencies of approxi- 
mately 2.45 gigahertz (0.40-ft wavelength). 

5.4 TECHNOLOGY STATUS 

The overall technology status of microwave power transmission and 
reception is reflected in reference 35. However, this assessment spe- 
cifically addresses a Solar Power Satellite (SPS), which has require- 
ments different from a High-Altitude Aircraft Platform (HAAP). 
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A rectenna designed for HAAP application (low atmospheric density) 
is currently in the laboratory development stage. Mr. W. C. Brown 
(Raytheon Company) is conducting this development effort. The current 
version of the thin-film rectenna is copper imbedded in a Kapton film, 
instead of the Mylar film described in reference 44. Kapton 's material 
properties are not as degradable in the HAAP environment, and it can 
withstand higher temperatures than Mylar. Currently, limitations on 
incident power density are based on acceptable diode temperatures. 

Table 5.2 summarizes the current laboratory status for the thin- 
film HAAP rectenna. 


TABLE 5.2 - TECHNOLOGY STATUS IN MICROWAVE POWER 
CONVERSION FOR HAAP DESIGN 


Thin film 

1-mil thick Kapton 

p 

Rectenna weight, Ib/ft 

0.03 

Maximum incident power: 


No convection, W/ft^ 

16 

P 

With convection, W/ft 

37 

Conversion efficiency 

0.80 ■ 


Although some of the values shown in Table 5.2 appear in the 
literature, some that do not were personally provided by Mr. Brown and 
represent his latest laboratory results. The values shown for the 
rectenna weight do not include the reflecting plane. For HAAP blimp 
design, a lightweight honeycomb structure has been considered for 
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housing the reflector. Figure 5.9 illustrates how this structure might 

look. The weight associated with the additional structure is estimated 

2 

to be about 0.05 Ib/ft which would give a total HAAP blimp rectenna 
system weight of about 0.08 Ib/ft^. 



Figure 5.9 - A possible rectenna and reflecting plane structure. 

For HAAP airplane application, the rectenna-ref lector structure 
might appear the same as for a blimp; however, the "insulated support" 
shown in the figure could be a part of the airframe structure.. An 
engineering estimate for a HAAP airplane reflecting plane composed of 
aluminum film bonded to 1 /2-mil thick Kapton is 0.01 Ib/ft^, which gives 
a total HAAP airplane rectenna system weight of about 0.04 Ib/ft^. 

In this study, the rectenna is assumed to be in contact with a 
surface covering on the bottom of the HAAP blimp or airplane that does 
not reflect microwaves, thus permitting the rectenna to receive total 
incident power. It is also assumed that convection of heat at the 
rectenna is achieved through the rectenna surface covering. Table 5.3 
shows the values used for microwave power technology in this study. 
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TABLE 5.3 - DESIGN PARAMETERS FOR A 
MICROWAVE- POWERED HAAP 


Concept 

Blimp 

— 1 

Maximum incident power, W/ft^ 

37 

37 

Rectenna system weight, Ib/ft^ 

0.08 

0.04 . 

Conversion efficiency 

0.80 

0.80 
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CHAPTER 6 


ALTERNATE POWER TECHNOLOGIES 

Because solar- voltaic and microwave propulsion systems have been 
'most frequently mentioned in the literature as applicable for a HAAP, 
emphasis has been placed on solar- voltaic and microwave power tech- 
nologies in this study. Alternate propulsion system technologies have 
also been studied to determine the status of their suitability for 
powering a HAAP. 

6.1 LASER POWER TECHNOLOGY 

The laser (Light Amplification by Simulated Emission of Radiation) 
is an oscillator- type device that can produce a single electromagnetic 
frequency at high intensities. These frequencies are in the optical 
region and, when viewed by man, resemble a concentrated beam of light. 
Since its invention in 1960, the laser has found a number of applica- 
tions in society. These applications include performing as a tool in 
medical surgery, and reading the prices of products purchased at the 
supermarket. 

Lasers used in medical surgery are solid state lasers that emit 
about 50 watts of power (ref. 45). These solid state systems are low 
power devices, and do not appear capable of providing sufficient power 
for HAAP applications; therefore the remainder of this discussion will 
be confined to gaseous laser systems. 

A survey of CO 2 (gas) lasers used for industrial applications was 
performed by Locke (ref. 46). Survey results showed that these laser 
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systems varied in output power from about 2 to 15 kilowatts. A gas 
laser system designed and built by the NASA Lewis Research Center of 
even higher power output (70,000 watts) is discussed in reference 47. 

The lasers discussed in references 46 and 47 use carbon dioxide (CO 2 ) as 
the medium for achieving the laser power, and correspond! ngly, are 
referred to as CO 2 lasers. Figure 6.1 (from ref. 47) is presented to 
illustrate schematically the CO 2 laser system of reference 47. 



Figure b.i - Schematic illustration of an NASA 
developed high power laser. 


Although CO 2 laser systems are more highly developed, systems which 
use other gases such as carbon monoxide (CO) also exist. Bain (ref. 48) 
discusses these types of lasers and their current technology status. 
Rudko (ref. 49) discusses recent developments to extend the wavelength 
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region in which lasers operate. Table 6.1 shows some types of gaseous 
lasers and their characteristic operating wavelengths. 


TABLE 6.1 - SOME LASER WAVELENGTH CHARACTERISTICS 


Laser type 

Wavelength, p 

Carbon dioxide (CO 2 ) 

10.6 

Carbon monoxide (CO) 

5.3 

Hydrogen bromide (HB^) 

4.2 

Hydrogen fluoride (HF) 

2.8 

Xenon (Xe) 

2.0 

Argon (Ar) 

1.3 


The power associated with laser applications vary considerably. 

In medical surgery 50 watts is about a typical power level. Industrial 
applications use as much as 15,000 watts. In reference 50, Hertzberg, 
et al . , discuss a laser-powered air transportation system reouiring 
40 megawatts of laser power per airplane using technology which would 
not be available until after the year 2000. Much of the high power 
(megawatts) laser development activity is not available in the literature 
because of security classification. An indication of recent developments 
has been made known through newspaper and television accounts of the 
U.S. military having demonstrated the capability of destroying flying 
aircraft by laser beams. 

Although Bain (ref. 48, page 30) states that high power lasers 
(greater than 100,000 watts) operate reliably for only a few minutes, 
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laser reliability is not the only concern in a propulsion system. 

Equally important is the capability of converting laser energy to a 
usable energy, whether it is to propel a transport aircraft (ref. 50) 
or to propel a HAAP. The current technology for converting laser energy 
to electrical energy is discussed by Bain (ref. 48) and by Lee in 
reference 51 . 

Lee (ref. 51) discusses the historical evolution of research 
efforts in laser energy conversion as well as predictions for the future. 
He discusses energy conversion schemes such as the photovoltaic conver- 
sion of laser energy with solar cells. These cells would be optimized 
for wavelength compatibility with the laser beam. He also discusses 
heat engines which, in principle, absorb laser energy through a working 
medium such as helium. A thermodynamic process is used to convert the 
thermal energy to mechanical or electrical energy. Material properties 
limit the engine temperatures to less than 3100°F, and thus the effi- 
ciencies at which these engines could operate. 

Both references 48 and 51 are excellent papers on laser power tech- 
nology, especially the energy conversion aspect. These papers indicate 
no practical near-term conversion system for laser energy. Matching the 
wavelengths of the emitted laser energy and the wavelength to which the 
conversion device or fluid medium responds is crucial to the development 
of practical laser propulsion systems. Developed photovoltaic cells, for 
example, respond to wavelengths less than 1.3 y, a value lower than the 
wavelengths of developed lasers, as can be seen in Table 6.1. 
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Because the present study is focused on near-term technologies 
(2 to 7 years), and laser power technology appears insufficiently 
developed for practical use within that period, it will not be con- 
sidered further in this study. 

6.2 NUCLEAR POWER TECHNOLOGY 

In recent years, nuclear power has become an increasingly contro- 
versial societal issue; however, nuclear devices have been and continue 
to be contemplated for space application. In reference 32, Szego dis- 
cusses space power systems and their state of the art in the early 
1960's. The SNAP program (Systems for Nuclear Auxiliary Power) is 
thoroughly discussed. In this program, both nuclear reactor and radio- 
isotope power systems were launched into orbit. The successfully 
launched SNAP lOA was the only nuclear reactor orbited; however, there 
have been many radioisotope thermoelectric generators (RTG's) orbited. 
Although these nuclear devices have been used for powering satellite 
payloads, the same power source could be used to power a propeller- 
driven high-altitude aircraft platform. 

The nuclear reactor system uses a nuclear fission process to gen- 
erate heat which is transferred to a working fluid in a thermodynamic 
process such as a Rankine or Brayton cycle. The thermal energy can be 
converted to electrical energy by means of a generator or a thermo- 
electric converter. In a radioisotope thermoelectric generator system, 
the heat source is the radioisotope. The heat energy is thermoelectri- 
cally converted to electrical energy by means of a differential tempera 
ture process which is, in essence, a thermocouple. The specific 
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characteristics of the nuclear reactor development in the SNAP program 
are provided by Cockeram in reference 52. Figure 6.2 provides a physi- 
cal illustration of the SNAP lOA thermal nuclear reactor assembly. 

Table 6.2 describes the system. 


Figure 6.2 - SNAP lOA reactor shield assembly concept. 

In reference 53, Schulman discusses radioisotope thermoelectric 
generators (RTG's) developed in the SNAP program. The SNAP 19 RTG, 
which was flown on the Nimbus B satellite in 1967, is shown in Figure 6.3 
(from ref. 53, page 89). SNAP 19 characteristics, some of which were 
obtained from reference 54, are presented in Table 6.3. 



51 



Figure 6.3 - SNAP 19 radioisotope thermoelectric generator concept. 


TABLE 6.2 - SNAP lOA THERMAL NUCLEAR REACTOR CHARACTERISTICS 


Thermal power, W 35,000 

Electrical power, W 500 

Power conversion efficiency 0.014 

Reactor outlet temperature, °F 1000 

Reactor diameter, ft 1,41 

Reactor weight, lb 270 

System unshielded weight, lb 650 

Total system weight, lb 960 


52 



TABLE 6.3 - SNAP 19 RADIOISOTOPE THERMOELECTRIC 
GENERATOR (RTG) CHARACTERISTICS 


Thermal power, W 

Electrical power, W 

Power conversion efficiency . 
Peak temperature, °F . . . . 

RTG diameter, ft 

RTG height, ft 

RTG weight, lb 


645 

30 

0.047 

980 

1.31 

0.92 

30 


The SNAP program was terminated about 1973, and with it the develop- 
ment of space nuclear reactor systems ceased (ref. 55). The revival of 


U.S. nuclear reactor technology for space application is being conducted 
by Los Alamos National Laboratory in the SPAR (Space Power Advanced 
Reactor) program. Discussions with Mr. David Buden, the SPAR program 
manager and an expert in nuclear technology, indicate that it would take 


about as much time, but not as much money, to recoup the technology 
status that existed in the SNAP program as to complete the SPAR program 
efforts. References 55 and 56 discuss the SPAR program and system 
design. The system is being designed to produce up to 100,000 watts of 
thermoelectrical power with an operational life of 7 years. A technology 
demonstration is scheduled for the 1984-85 time period. Table 6.4 pro- 
vides some SPAR system design parameters. 
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TABLE 6.4 - SPAR NUCLEAR REACTOR SYSTEM DESIGN PARAMETERS 


Thermal power, kW 

no 

550 

1110 

Electrical power, kW 

10 

50 

100 

Conversion efficiency 

0.09 

0.09 

0.09 

Reactor temperature, °F 

2060 

2060 

2060 

Reactor diameter, ft 

1.71 

1.71 

1.71 

Reactor height, ft 

1.64 

1.64 

1.64 

Reactor weight, lb 

881 

881 

881 

Shield weight, lb 

562 

760 

837 

System weight, lb 

1785 

2765 

3911 


The current status and development efforts on radioisotope thermo- 
electric generators (RTG's) are discussed in reference 57. According to 
Mull in, et al . (ref. 57), who are responsible for NASA's space power 
program, current RTG systems, including shielding, have a specific power 
of about 2.2 W/lb with a thermal power-to-electrical power conversion 
efficiency of about 0.06. NASA's 10-year program effort is to double 
RTG performance. Personal conversations with Mull in revealed that all 
RTG's to date have operated at less than 600 watts of electrical output. 
Table 6.5 summarizes RTG technology status and development plans. 
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TABLE 6.5 - RADIOISOTOPE THERMOELECTRIC GENERATOR 
TECHNOLOGY SUMMARY 



Current 

Near-term 
(5 years) 

Far-term 
(10 years) 

Electrical power, W 

<1000 

<1500 

<2000 

Conversion efficiency 

0.06 

0.09 

0.12 

Specific power, W/lb 

2.22 

3.34 

4.45 


Shielding requirements for space nuclear systems are discussed by 
Szego (ref. 32, page 644). Shield weight is a stronger function of 
mission than unit power. Of course, a detailed shielding analysis is 
performed for each mission over a range of operating powers. In lieu of 
(.his, Szego indicates manned applications generally require 15 to 
20 times the shielding required for unmanned missions. Shielding is 
based on a space utilization safety requirement of ". . . no undue risk 
to the public or the environment ..." (ref. 56, page 15). Shielding 
weights associated with RTG's and shown for the SPAR system (Table 6.4) 
are for the unmanned environment. Crashworthiness, which would be a 
pnme concern for HAAP operations, has not been a safety design factor. 

A suitable data base for the design of a crashworthy nuclear reactor 
system has not been developed. The launching of the SNAP, 10 reactor 
sysi.em v;as conducted with the system inert; the system was activated 
only after orbit was achieved. RTG safety requirements are essentially 
the same as for the reactor; and, in reference 58 (page 18-23), Streb 
specifically discusses RTG safety philosophy. 
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The shielding weight required to provide a crashworthy nuclear- 
powered HAAP can significantly affect the system specific power. 

Because of this weight uncertainty, nuclear propulsion for HAAP con- 
cepts will be studied parametrically by varying the system weight. 

6.3 SOLAR-THERMAL POWER TECHNOLOGY 

Solar-thermal energy systems are concerned with focusing reflected 
or collected solar energy onto a pipe containing a working fluid such 
as cesium, for example. The energy imparted to the fluid is used in a 
thermodynamic process such as a Rankine or Brayton cycle. The thermo- 
dynamic cycle operates a converter system which converts the thermal 
energy to electrical energy. Figure 6.4 schematically illustrates the 
sol ar- thermal • energy system designed for a propeller-driven High-Altitude 
Platform (HAAP). 



Figure 6.4 - Schematic propulsion diagram for a solar-powered HAAP. 
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It should be noted that the solar cell array in a solar-voltaic 
system is replaced by a solar- thermal system composed of a reflector 
(concentrator), a thermodynamic subsystem (heat pipe, heat engine, and 
radiator), and generator. 

Two types of solar collectors or concentrators are shown in 
Figure 6.5 (ref. 30). These concentrators focus the Sun's energy onto 
a pipe which contains the working fluid. 


Incoming solar energy 



Parabolic trough Linear Fresnel lens 

Figure 6.5 - Tv/o types of solar concentrators (ref. 30). 

In reference 19 (page 119), Javetski discusses innovative efforts to 
increase the efficiency of these concentrators to collect the incident 
solar energy and to transfer the heat energy. One effort involves using 
a special dye to form a sheet on the surface of the concentrator which 
traps the energy within the surface coating. The energy eventually 
"bounces" down the sheet to heat a pipe at its edge. The efficiency of 
concentrators to transmit energy vary with such design features as sur- 
face material and shape or type of concentrator. The optimal efficiency 
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in transferring solar energy incident at the concentrator surface to the 
fluid in the heat pipe is about 0.6 (refs. 59, page 6, and 60, page 16). 
The efficiency value of 0.6 includes losses associated with concentrator 
reflectivity, heat pipe shadowing, focusing, and heat pipe absorptivity. 
Although this value is based on terrestrial solar energy, it is thought 
to be representative of a space solar energy system. Reference 22 dis- 
cusses, in detail, the entire solar-thermal energy process. 

A heat pipe can be used to transport the thermal energy received 
from the concentrator to the electrical conversion equipment. A heat 
pipe is a tube with a working fluid that is vaporized in the heated end 
and is condensed back to a liquid at the heat extraction end. A wick in 
the tube wall returns the liquid by capillary action to the concentrator. 
Figure 6.6 illustrates a heat pipe cross section. 



Vapor 

passage 


Figure 6.6 - Illustration of a heat pipe cross section. 

Reference 61, the proceedings of a workshop on energy conversion, 
discusses the performance of thermodynamic systems in converting thermal 
energy to electrical energy. Reference 61 concludes that current and 
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near-term materials technology limits this energy conversion process to 
an efficiency of about 0.21. 

Table 6.6 summarizes some, system characteristics pertinent for 
HAAP design. 


TABLE 6.6 - SOME SOLAR-THERMAL PROPULSION SYSTEM 
CHARACTERISTICS FOR HAAP DESIGN 

Concentrator/fluid system efficiency 0.60 

Thermodynamic system energy conversion efficiency 0.21 

Overall system energy conversion efficiency 0.13 

Although values for system weight were not readily available, inspection 
(see Fig. 6.4) indicates the solar-thermal system should be considerably 
heavier and more complex than the solar-voltaic system. From the view- 
point of total energy collected, the concentrator is four times more 
efficient than solar cells; however, the overall efficiency is less than 
that of the solar-voltaic system after the heat has been converted to a 
usable energy form. The overall impact on design is that the solar- 
thermal system requires more collector area than the solar-voltaic 
system for a given power requirement. Consequently, solar-voltaic 
systems are the currently preferred propulsion methods when using solar 
energy, and solar-thermal propulsion systems will not be given further 
consideration in this study. 
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CHAPTER 7 


SELECTED FLIGHT SYSTEMS TECHNOLOGIES 

7.1 ENERGY STORAGE SYSTEMS 

The energy storage system in a High-Altitude Aircraft Platform 
(HAAP) is required to provide the energy required to power the aircraft , 
and operate the payload whenever the primary source energy is not avail- 
able. In the case of a solar-powered HAAP, the stored energy would be 
needed at night when direct energy from the Sun is not available. In 
the case of microv/ave- and nuclear-powered systems, the stored energy 
could provide operational power during emergency conditions when it 
might become necessary to shut off the primary source power. Three 
energy storage systems which are discussed in the literature, batteries, 
fuel cells, and flywheels, will now be assessed. 

7.1.1 Batteries 

The conventional battery is a device which contains all of its 
chemical reactants, and therefore all of its energy, in an electrolytic 
cell; that is, the chemical system is built into the cell at the time of 
manufacture. References 62 and 63, both proceedings of battery work- 
shops, discuss current research and development efforts in battery tech- 
nology. Ongoing developmental efforts are concerned with many chemical 
combinations such as Ag-H 2 (silver-hydrogen) and with several Li 
(lithium) compounds. These technology efforts focus on both primary 
(non-rechargeable) and secondary (rechargeable) batteries. 
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In addition to battery specific energy (maximum stored energy per 
unit weight), and overall battery efficiency (ratio of energy that the 
battery can deliver- to-the energy delivered to the battery), the depth 
of discharge is of major importance in the performance of a rechargeable 
battery. The depth-of-discharge is a direct measure of the amount of 
stored energy that can be withdrawn from the rechargeable battery without 
decreasing the overall efficiency. A depth-of-discharge of 0.4 and an 
overall efficiency of 0.8, for example, imply that 40 percent of the 
stored energy can undergo repetitive charge-discharge cycles while main- 
taining an overall efficiency of 80 percent. Should more than 40 percent 
of the stored energy undergo the cycles, the overall efficiency will 
decrease. It should be noted that for a specific battery type (i.e., 
nickel -cadmium battery), battery life in terms of the number of charge- 
discharge cycles tends to be inversely proportional to the depth-of- 
discharge. 

Because of the long duration mission requirement for a HAAP, the 
energy storage system must be rechargeable. Both Ni-Cd (nickel-cadmium) 
and Ni-H 2 (nickel -hydrogen) are advanced rechargeable or secondary 
battery systems. Nickel-cadmium (Ni-Cd) has demonstrated its perfor- 
mance capability as a secondary battery during two decades of utiliza- 
tion on spacecraft. The Ni-Cd battery is the standard for comparison in 
rechargeable energy systems. Detailed Ni-Cd battery performance char- 
acteristics are discussed by Thierfelder in reference 64 and reflects 
current technology. Wolter, et al. (ref. 65, page 69) indicate that 
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Ni-Cd batteries provide about 1 kW-h/ft . Figure 7.1 illustrates a 
Ni-Cd battery assembly. 



Figure 7.1 - A nickel-cadmium battery assembly. 

Nickel -hydrogen (Ni-H 2 ) batteries have been under development by 
the U.S. Air Force as a rechargeable battery system for about 10 years. 
In 1977, the U.S. Navy launched the Navigation Technology Satellite-2 
(NTS-2) which used a rechargeable Ni-H 2 battery system. The performance 
of the batteries as well as a description of the system are reported in 
reference 66 by Stockel , Dunlop, and Betz. The unit was a 14-cell, 
630-watt-hour battery system with specific energy of 15.4 W-h/lb. The 
system performed at an overall efficiency of about 0.69 with a depth-of- 
discharge of about 0.57. According to Fordyce (ref. 67, page 162), 

Ni-H 2 currently requires about 1.5 to 2.0 times the volume of an equiva- 
lent Ni-Cd battery. Figure 7.2 illustrates a Ni-H 2 battery system 
arrangement. The cells are typically about 4.5 in. in diameter. 
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Figure 7.2 - Illustration of a nickel-hydrogen battery assembly. 

Considerable effort has been made to not only characterize current 
and near-term battery technology for HAAP applications, but also to 
directly compare Ni-Cd and Ni-H 2 battery systems. Trout (ref. 68) pro- 
vides a comprehensive assessment and performance comparison of Ni-Cd and 
Ni-H 2 battery systems as well as regenerative (rechargeable) fuel cells 
for 1985 applications. NASA internal correspondence on the subject, 
which is not generally available, has also been studied. In addition, 
researchers, supervisors, and managers within NASA who work in the area 
of battery technology have been personally consulted. Table 7.1 is a 
composite summary of rechargeable battery technology for HAAP 
application. 
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TABLE 7.1 - RECHARGEABLE BATTERY TECHNOLOGY STATUS 
FOR HAAP DESIGN 


Type 

Ni-Cd 

Ni-H2 

Current 

1985 

Current 

1985 

Stored specific energy, W-h/lb 

11.0 

15.0 

13.0 

18.0 

Depth-of-discharge (6000 cycles) 

.60 

.65 

.80 

.85 

Usable specific energy, W-h/lb 

6.6 

9.8 

10.4 

15.3 

Overall efficiency 

.80 

.80 

.80 

.85 


The values shown do not, in general, deviate significantly from 
those appearing in the literature. The values are representative of a 
20-amp-hour battery system capable of 6000 charge-discharge cycles. It 
should be noted that this battery development is being driven by space 
application requirements. The 6000 cycles is representative of about 
1 year of operation on a low-earth-orbit satellite. 

7.1.2 Fuel Cells 

The fuel cell differs from a conventional battery in that its 
electrolytic cell is supplied continuously with chemicals that are 
stored outside the cell. The chemicals react in the celT simultaneously, 
buu one chemical reacts at the positive electrode and another chemical 
at the negative electrode. Figure 7.3 illustrates simplistically, the 
*^^^Terence in operational principles between the conventional battery 
cell and the fuel cell. 

A fuel cell which uses hydrogen (H 2 ) as the fuel and oxygen (O 2 ) 
as the oxidizer was used as the primary source of electrical power on 


64 



Figure 7.3 - Operational comparison of battery and fuel cell. 


the Gemini and Apollo manned space programs. An H 2 -O 2 fuel cell system 
is currently being used on the Space Shuttle. Existing fuel cell systems 
lack the capability for being regenerated (recharged); however, there are 
ongoing efforts to develop a regenerative (rechargeable) fuel cell 
system. This regenerative system would be designed for future space 
missions and should also be suitable for a HAAP. 

Currently, regenerative* fuel cell system feasibility studies and 
development efforts are being conducted by NASA through its Johnson 
Space Center and Lewis Research Center. In reference 69, McBryar dis- 
cusses the regenerative fuel cell program and results of an industry 
(McDonnell-Douglas Aircraft Corporation) study comparing anticipated 
fuel cell performance with both Ni-Cd and Ni-H 2 battery systems. For 
the mission studies, the regenerative fuel cell system weight was 25 to 
50 percent lighter than the batteries. It was also determined that deep 


discharge (up to 100 percent) has no adverse effect on regenerative fuel 
cell performance (ref. 69, page 86). Figure 7.4 is a schematic diagram 
of a solar- voltaic powered regenerative fuel cell system. 



Figure 7.4 - Schematic diagram of a regenerative fuel cell system. 

Other studies on regenerative fuel cells have also been performed. 
Trout (ref. 67) discusses fuel cel V technology readiness anticipated 
for the year 1985. Reference 70 provides a detailed report on a study 
of regenerative fuel cell design conducted by the General Electric 
Company. These studies (refs. 67 and 70) are for systems providing 
pov/er in the 35-kW to 250-kW range which may be somewhat higher than 
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anticipated for a HAAP airplane. In reference 71, both a 40-kW and a 
10-kW regenerative fuel cell system design study prepared by B-K 
Dynamics, Inc., are discussed. Table 7.2 summarizes some of the 
regenerative fuel cell system characteristics published in the 
references cited. 


TABLE 7.2 - SUMMARY OF SOME REGENERATIVE FUEL CELL SYSTEM STUDIES 


Study 

General 
Electric Co. 
. (ref. 70) 

B-!< Dynamics, 
Inc. 

(ref. 71) 

Trout 
(ref. 67) 

Power output,.; kW 

100 

10 

40 

35 

100 

250 

Specific power, W/lb 

21.5 

15.1 

20.0 

13.8 

18.7 

19.1 

Specific reactant rate. 







Ib/hr/kW 

.78 

.78 

.78 

.78 

.78 

.78 

System overall 







efficiency 

. 45 . 

.60 

.60 

.50 

.50 

.50 

Baseline technology 







year 

1979 

1982 

1982 

1979 

1979 

1979 

System readiness year 

1985 

— 

— 

1985 

1985 

1985 


When determining system specific energy, account must be made for 
the number of fuel cell discharging hours and the associated reactant 
weight. The specific reactant rate shown in the table is about 11 per- 
cent H 2 and 89 percent O 2 . It should be noted that the system specific 
energy increases with the number of discharging hours, since only the 
size of the various tanks in the system (which can vary in pressure from 
30 to 200 psi depending on system design) must increase to accommodate a 
longer discharge cycle. The current status of regenerative fuel cell 
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technology development was obtained through personal conversations with 
Mr. Hoyt McBryar, project manager for regenerative cell development at 
the NASA Johnson Space Center. According to Mr. McBryar, both the fuel 
cell mode and the regenerative mode of a laboratory cell system have 
operated successfully in an independent mode. Efforts currently under- 
way to integrate these two components into a system are being conducted 
by the General Electric Company. A system technology demonstration test 
is scheduled for 1986. After consultation with Mr. McBryar, the charac- 
teristics summarized in Table 7.3 are thought to be representative of. 
1986-87 fuel cell technology for HAAP application. The values shown are 
engineering estimates based on the information sources mentioned, and are 
of the power levels required for all of the HAAP concepts considered in 
this study. 

TABLE 7.3 - REGENERATIVE FUEL CELL TECHNOLOGY 
STATUS FOR HAAP DESIGN 


Specific power, W/lb 

14.0 

Specific reactant rate, Ib/hr/kW 

0.78 

System overall efficiency 

0.50 

Depth-of-di scharge 

0.90 


7.1.3 Flywheels 

The flywheel is a mechanical device which stores kinetic or inertial 
energy. Its primary development thrusts have been focused on terrestrial 
applications such as in electric automobiles and for solar-energy homes. 
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In refersncB 72, Rabsnhorst discusses, in part, a 70-passenger bus 
developed in Switzerland by the Oerl ikon Company which operates solely 
by flywheel energy storage. The range of the bus is limited to one or 
two bus stops before recharging. According to reference 73 (page 2), 
the Oerl ikon bus, which uses a pure flywheel system, delivers about 
3 W-h/lb and recharges about every 0.25 mile. 

In the United States the emphasis on using flywheels as an energy 
storage device for ground transportation has been in conjunction with 
batteries on all electric propulsion systems. In this capacity, the 
flywheel provides power needed for rapid acceleration at low speeds, 
thus decreasing the required battery size. At higher vehicle speeds, 
the flywheel is recharged by the battery, which is the primary energy 
source. Reference 74 (page 61) indicates about 15 to 20 times greater 
range for the hybrid (flywheel /battery) system than for the pure fly- 
wheel system. 

Mi liner (ref. 75) discusses a flywheel energy storage system suit- 
able for solar power system in the house. The overall efficiency (ratio 
of energy out-to-energy in) using 1985 technology is expected to be 
about 0.73. Figure 7.5 is presented to illustrate the basic components 
of a flywheel system. Flywheel rotors are housed in a vacuum to reduce 
the drag associated with the rotation speed. Rotation speeds vary from 
about 2,000 to over 35,000 rpm depending on the system design. The 
motor drives the transmission to store the mechanical energy in the rotor 
system. The rotors, in turn, mechanically turn a generator which 
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Figure 7.5 - Basic components of a flywheel 
energy storage system. 


produces the electrical energy when needed. Electronic switching per- 
mits a single unit to operate in both motor and generator modes. 

Flyv/heel technology applicable for space and for possible HAAP 
application is discussed in reference 76, which highlights some of the 
flywheel technology efforts at the NASA Goddard Space Center. These 
technology efforts attempt to use composite materials such as Kevlar 
to obtain much higher rotor strength-to-weight ratios than possible with 
metals. In addition, the use of powerful rare earth magnets in magnetic 
suspension systems (ref. 77) significantly, reduces frictional losses in 
the system. These two technological advances make the flywheel poten- 
tially competitive in performance with conventional batteries. It 
should be noted that the use of composite rotors in flywheels for energy 
storage is an infant technology. 
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Discussions with Mr. Philip Studer of the NASA Goddard Space 
Center indicate a concern for system integrity when using composites 
or magnetic suspension. Composites such as Kevlar have "broken up" at 
high (greater than 10,000) rotor rpm. Since the rotor tip operates at 
supersonic velocities and momentum is quite high, suspension system 
failure could be catastrophic. These concerns are verified, in part, by 
flywheel experiments discussed in reference 78. These experiments are 
part of a current technology program to advance composite flywheel tech- 
nology. Nimmer, et al . (ref. 78), conclude that composite flywheel 
energy density that can be expected is only about 80 percent of the pre- 
dicted values. The failure criterion is based on fiber breakage at the 
center of the rotor disc. 

Discussions with Mr. Claude Keckler of the NASA Langley Research 
Center have been most informative on flywheel energy storage devices. A 
1.5-kW-h flywheel with a solid titanium rotor (ref. 79) that was designed 
and constructed by Rockwell International is located at NASA Langley. 
Unpublished experiments have confirmed the system design. This system 
uses roller bearing suspension and the rotor shape is designed for 
constant stress. 

Table 7.4 compares the titanium flywheel system characteristics 
(ref. 79) with those anticipated for a space quality composite flywheel 
system. The value shown for efficiency excludes the losses associated 
with power conditioning (i.e., losses external to the flywheel assembly). 
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An cnnineering estimate has been made for a composite flywheel system, 
since the source reference (ref. 78) based its performance value on 
rotor-alone weight. 


TABLE 7.4 - FLYWHEEL ENERGY STORAGE TECHNOLOGY FOR HAAP DESIGN 




Composite (Kevlar) 

Rotor type 

Titanium 

Rotor 

Advanced 

rotor 

Advanced 

system 

(estimate) 

Rated povjer, kW 

2.5 

- 

- 

2.5 

Stored energy, kW-h 

1.5 

- 

1.0 

1.0 

Depth-of-di scharge 

0.75 

- 

- 

0.75 

Usable energy, kW-h 

1.1 

- 


0.75 

Efficiency 

0.87 

- 

- 

0.90 

Rotor speed, rpm 

35,000 

31,000 

37,000 

37,000 

Rotor diameter, ft 

0.75 

1.5 

1.5 

1.5 

System weight, lb 

170 

- 

- 

70 

Usable specific energy, W-h/lb 

6.5 

18 

30 

10.7 

Technology readiness year 

Now 

Now 

1982 

1985 


7.1.4 Summary 

Table 7.1 shows that, on a basis of usable specific energy, the Ni-H 2 
battery is more suitable than a Ni-Cd battery for HAAP vehicles using 1985 
technology. Table 7.4 lists flyv/heel characteristics which show that the 
battery is a more desirable energy storage candidate than the titanium 
flywheel. The Ni-H 2 battery is preferable to the 1985- technology 
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version of a composite flywheel. However, it appears that as composite 
flywheel technology matures, it could surpass the battery as an energy 
storage device. 

Determining whether the battery is more or less desirable than the 
regenerative fuel cell (Table 7.3) is not straightforward, since the 
specific energy of the fuel cell increases with the number of hours the 
cell must operate. The weight associated with the increase in operating 
hours is small; only that for the additional reactants and slightly 
larger storage tanks. 

Table 7.5 summarizes usable specific energy, which is used as a 
performance parameter for the various storage devices using 1985-86 
technology. 


TABLE 7.5 - SUMMARY OF ENERGY STORAGE CAPABILITY 
FOR HAAP DESIGN 



Regenerative 
fuel cell 

Ni-H2 

battery 

Composite 

flywheel 

Usable specific energy, W-h/lb 

Discharge time 

1- hr 12.5 

1.2-hr 14.9 

2- hr 24.7 

4-hr 48.3 

8-hr 92.7 

12-hr 133.7 

16-hr 171.6 

15.3 

10.7 

Efficiency 

0.50 

0.85 

0.90 


As can be seen in Table 7.5, the battery is preferred over the fly- 
wheel at all times, and over the fuel cell if energy storage is required 
for 1.2 hours or less. The fuel cell becomes increasingly preferable 
to the battery for hours of operation greater than 1.2. 
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7.2 ELECTRIC MOTORS 

An 6l6ctr1c motor(s) would bo used to turn the propeller(s) of the 
HAAP. The use of "rare earth" magnets in motors designed for aerospace 
application is discussed in reference 80. These motors employ 
electronic, instead of mechanical, commutation which eliminates the 
associated electromagnetic interference. According to Klass (ref. 80), 
when compared to conventional motors the rare earth magnet motors have 
better response time, are more efficient, and have greater reliability. 
The rare earth magnets, especially samarium cobalt, are being used on- 
board aircraft in alternators, accelerometers, and electric motors. 

The design of a samarium cobalt d-c motor is discussed by Sawyer 
and Edge in reference 81. This specific motor was designed for the 
electromechanical actuator on the Space Shuttle Orbiter eleven. The 
motor develops about 12,900 W (17.1 hp) at 9,000 rpm, weighs 17.16 lb, 
is 0.94 ft long, and has an operating efficiency of about 0.95. 

Figure 7.6 illustrates this complete motor assembly. 



Figure 7.6 - Complete samarium-cobalt magnet 
motor assembly. 
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Additional experiments on rare earth magnet motor performance are 
discussed by Maslowski (ref, 82). Tests were performed on samarium 
cobalt and strontium ferrite motors at rotor speeds up to 26,000 rpm. 

Both types of motors consistently performed at efficiencies greater 
than 0.93, while delivering up to 26 kW (35 hp) of power. In some 
instances, where the rpm was greater than 22,000 for maximum power, a 
cooling fan weighing about 6 lb was used. 

A gear or gearing system of some design would be used to connect 
the motor with a propeller. According to Anderson and Loewenthal 
(ref. 83, page 5) a well-designed gear will have an operating efficiency 
of at least 0.98. Information on gear weight design for small (less 
than 375 kW (500 hp)) gears was not readily available. References 84 
and 85 provide a methodology for the detailed design of gear boxes, 
including weight. Reference 85 indicates that operational reduction gear 
efficiencies in excess of 0.99 are not uncommon. In lieu of a detailed 
analysis for gear weight, a crude gear weight approximation method was 
used. 

Mr. Robert Boucher (Astrofl ight, Inc.) designed the motor and gear 
box for the Solar Challenger, which is thought to be in the general 
class of a propulsion requirement as a HAAP. Boucher's 27:1 reduction 
gear weighed 1.5 lb for a maximum motor power of 4.1 kW (5.5 hp). The 
linear approximation relationship shown (eq. (7.1)) is thought to be 
valid in this power regime; that is 

Gear weight (lb) = 0.3 x maximum motor horsepower (7.1) 
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This crude method is within 0.3 lb of Boucher's gear design and within 
15 percent of the detailed gear design for a 4500-hp motor discussed in 
reference 85. 

Table 7.6 summarizes the motor and reduction gear characteristics 
for HAAP design. 


TABLE 7.6 - MOTOR AND GEAR-BOX TECHNOLOGY 
FOR HAAP DESIGN 


Motor 

Type 

Specific power, W/lb 
Efficiency 
Gear 
Type 

Specific power, W/lb 
Ef f i ci ency 
System 

Specific power, W/lb 
Efficiency 

The values presented in Table 
technology. Significant near-term 
technology appear unlikely. 

7.3 POWER PROCESSING 

Power conditioning, control lii 
terms which are used to categorize 


Samarium cobalt d-c brushless 
746 
0.95 

Reduction 

2461 

0.99 

573 

0.94 

7.6 represent currently available 
improvements in motor and gear-box 

g, and processing are all synonymous 
the overall electronics needed to 
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support and integrate the various systems (i.e., solar array, batteries) 
required for the flight vehicle. Power processing includes devices such 
as fuses, switches, circuit breakers, inverters, and transformers which 
are used in managing the vehicle power system. Although a detailed 
system design is required for precise weight values for the power con- 
ditioning system, it is customary to estimate this weight based on the 
total amount of power to be managed. In reference 86 Slifer and 
Billenbeck provide a detailed discussion on space quality power process- 
ing technology. They assess current (1978) power conditioning technology 
at about 23 W/lb. However, a group of energy conversion experts conclude 
in reference 61 (page 80) that current (1980) power processing technology 
is ". . . on the order of . . ." 45 W/lb. In 1977, Goldsmith and Reppucci 
(ref. 87) projected 1980 power control technology to be about 49 W/lb. 

In 1976, a demonstration by Schwarz (ref. 88) indicated that advanced 
power processing techniques using available technology could give values 
of about 55 W/lb. The efficiency of the power processing system is 
nominally about 0.90. 

In this study, the weight for power processing equipment is not only 
applied to the payload, but to other power needs. The weight for such 
items as wiring and regulators for propulsion power has been determined 
by using non-ref erenceable information characteristic of power distri- 
bution equipment for advanced military aircraft. Table 7.7 summarizes 
power processing technology thought to be applicable for this study. 
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TABLE 7.7 - SUMMARY OF POWER PROCESSING TECHNOLOGY 
FOR HAAP DESIGN 



Current 

1985-86 

Payload specific power, W/lb 

45 

54 

Propulsion specific power, W/lb 

225 

250 

Efficiency 

0.90 

0.92 
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CHAPTER 8 


AERODYNAMIC CONSIDERATIONS 

8.1 BLIMP 

Conventional blimps develop their lift in accordance with 
equation (8.1) 

L = - m + Lj (8.1) 

where 

L total lift (lb) 

V blimp volume displacement (ft^) 

Pg ambient density (slugs/ft^) 

m molecular weight of lifting gas (gm/mole) 

Pa ambient pressure (Ib/ft^) 

R universal gas constant (ft-lb/°K-mole) 

Tg ambient temperature (°K) 

g gravitational acceleration (ft/s^) 

c conversion constant (gm/slug) 

L(j dynamic lift (lb) 

In this study, the blimp is assumed to be a sealed, constant volume, 
"superpressured" vehicle. The blimp becomes fully inflated during ascent 
and reaches its equilibrium altitude having a superpressured envelope. 

The superpfessure varies with the internal gas temperature of the blimp. 
There is no gas bleed-off or replenishment during the day-night tempera- 
ture cycle. The minimum superpressure, normally occurs at night 

when the blimp temperature is approximately equal to the ambient. The 
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magnitude of must be sufficient to prevent structural buckling 

of the blimp envelope (ref. 89, page 65). The maximum superpressure, 
'^'^max’ on the ratio of maximum temperature to minimum tempera- 

ture. This superpressure relationship is expressed in equation (8.2). 




Pa * iPmax 

(8. 

where 


^max 

^Pmin 

minimum 

superpressure 


^*^max 

maximum 

superpressure 


^min 

minimum 

blimp temperature 


^max 

maximum 

blimp temperature 



^min ~ ^a’ equation (8.1) becomes equation (8.3) for a super- 


pressured blimp. 


L = V - m 


P, + AP, 


mini 


RTaC 


9 + L, 


(8.3) 


The mass of the displaced air is Vp^, and the mass of the lifting gas 

. Pq + APp^-jp 

Vm . Since the volume is constant, only pressure changes 

with T; thus, L = Constant. In reference 90, Lagerquist and Kean 
discuss the structural design of a superpressured HAAP. According to 
reference 90 (page 5) the value of AP^.^ is about 5.2 Ib/ft^ and the 
value of APj^a^ is about 31.3 Ib/ft^. 

If heat were added to the lifting gas by channelling heat from the 
operation of equipment such as a fuel cell, a superheat term, AT, would 
be incorporated in equation (8.3) to yield equation (8.4). 
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L = V 


m 


9 + l-d 


(8.4) 


p - m 

® R(T, + AT)c 


where AT = superheat. 

Dynamic lift, L^, is developed by the blimp moving at angles of 
attack and is used to counteract temperature- induced lift changes 
associated with conventional (non-superpressured) blimps. A detailed 
mathematical formulation is provided by Azuma for both superheat 
(ref. 91, page 467) and dynamic lift (ref. 91, page 469) effects. Layton 
(ref. 92) provides some dynamic lift and drag coefficient relationships 
empirically determined from conventional blimp concepts. Theoretically, 
the superpressured blimp operates at a constant altitude using only its 
static lift. In practice, it tends to seek a region of constant ambient 
density which has some altitude variation with time. Because the super- 
pressured blimp considered herein would use little, if any, dynamic lift 

during normal operations, dynamic lift will be neglected in the present 
study. 

The drag coefficient associated with blimps is expressed as 


" '^B.S (8.5) 

where 

C[) total drag coefficient 

^D,S static lift drag coefficient 

S blimp planform area (ft^) 
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C|_^ dynamic lift coefficient (based on planform area) 

A aspect ratio 

V volume (ft^) 

Since the superpressured blimp in this study does not use dynamic lift, 
Clj = 0 and equation (8.5) reduces to Cq = Cp^5. For a blimp, the 
drag coefficient is generally expressed in terms of thus, the 

drag is 

where v = airspeed (ft/s). The value of the blimp drag coefficient is 
of particular concern since estimated values for HAAP blimp concepts 
vary considerably. Table 8.1 summarizes some of the blimp character- 
istics from other HAAP studies. 

The HAAP blimp vehicles characterized in Table 8.1 are of different 
propulsion classes. The Sinko (ref. 2) and Kuhn (ref. 93) studies were 
based on a criteria for long-duration (continuous) flight. Sinko assumed 
microwave power to meet all propulsion needs and a battery to power the 
payload. Kuhn assumed a solar-voltaic/regenerative fuel cell system to 
meet all power requirements. Beemer, et al. (ref. 89), provided for a 
high-altitude mission, but for short durations. They considered a fuel 
cell for all power requirements which limited the flight duration to 
only 7 days. Petrone and Wessel (ref. 94) considered a solar-voltaic and 
fuel-cell system to provide up to 30 days of flight operation. 


82 


TABLE 8.1 - SUMMARY OF CHARACTERISTICS FROM VARIOUS 
HAAP BLIMP CONCEPT STUDIES 


Study 



Kuhn 

(ref. 93) 

Kuhn 

(ref. 93) 

Beemer, 
et al . 
(ref. 89) 

Petrone, 
et al . 
(ref. 94) 

Primary propulsion 

Microv/ave 

Microwave 

Solar-fuel 

cell 

Solar- fuel 
call 

Solar- fuel 
cell 

Solar-fuel 

cell 

Cq (oparating) 

0.050 

0.050 

0.050 

0.050 


0.036 

Airspeed, ft/s 

- 

- 

65.6 

98.4 

26.9 . 

33.8 

Altitude, ft 

70,000 

70,000 

69,000 

69,000 


70,000 

Payload, lb 

1587 

287 

220 

220 


- 

Structural weight fraction 

0.33 

0.36 

0.41 

0.28 

- 

0.33 

Total weight, lb 

4801 

1857 

2311 

19,472 

4081 


Volume X 10"^, ft^ 

1300 

500 

491 

4142 

1034 

800 

Length, ft 


- 

289 

589 

371 

333 

Fineness ratio 



5 

5 

5 

5 

Kinematic viscosity x 10^, 







ft^/sec 

21.56 

21.56 

20.39 

20.39 

20.39 

21.56 









Table 8.1 shows that the values for Cq are at least 0.050 with 
the exception of the Petrone and Wessel study (ref. 94). Although ref- 
erence 94 uses a Cq of 0.036, concern was expressed that Cq might be 
as much as 50 percent higher (ref. 94, page 2). Goldschmied (ref. 95) 
discusses an optimal high-altitude blimp hull design with extensive 
regions of laminal flow. Reference 95 concludes that a Cq of 0.018 for 
a fineness ratio 3 concept is obtainable. Warner and Haigh (ref. 96) 
also discuss applying laminar flow control by body shaping the blimp. 
Reference 96 (page 21) indicates that at altitudes of 55,000 ft and an 
airspeed of 135 ft/s, Cq can be as low as 0.008 to as high as 0.022, 
depending on the relative lengths of laminar and turbulent flows. 

After reviewing many publications on blimp and body drag, for this 
study, a drag coefficient of 0.035 was chosen as representative of 
1985 technology in blimp aerodynamics. A body fineness ratio of 5 is 
also assumed. Helium v/ill be considered as the lifting gas. Although 
hydrogen can provide more lift, it is not considered because of its 
extreme flammability. The gas composition is 95 percent pure helium and 
5 percent air. No superheat, AT in equation (8.4), is considered for 
the baseline concept. 

8.2 AIRPLANE 

The airplane develops its lift dynamically, by air flowing over the 
wing. The relationship for the lift is expressed in equation (8.7). 

= I '^LV^ef (8.7) 
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where 


L lift (lb) 

Cl wing lift coefficient 

V airspeed (ft/s) 

Pg ambient density (slugs/ft^) 

Sref wing reference (planform) area (ft^) 

Equations (8.8) and (8.9) define the relationships for drag and drag 
coefficient. 


D = ^ Cppgv^s^gf 


Cl^ 

ireA 


( 8 . 8 ) 

(8.9) 


v/here 

D drag (lb) 

Cq total drag. coefficient 

*^D,0 profile drag coefficient 

A wing aspect ratio 

e Oswald airplane efficiency factor 

Table 8.2 summarizes some of the characteristics of HAAP airplane 
concepts from various other studies. The solar-powered concept study by 
Phillips (ref. 7) considered airplanes with aspect ratios of 35 and 20 
which operated at L/D's of 37.5 and 19.7, respectively. The higher 
aspect ratio aircraft takes advantage of the correspondingly lower 
induced drag coefficient indicated by equation (8.9). The Parry study 
(ref. 6) of a solar-powered HAAP was performed for flight at an altitude 
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C|_ (operating) 

1.50 

1.50 

1.50 

0.93 

1.00 

Cq (operating) 

0.040 

0.076 

0.058 

0.058 

0.065 

L/D (operating) 

1 

37.5 

19.7 

26.1 

16.0 

15.4 

Airspeed, ft/s 

59-112 

59-112 

100 

131 

197 

Altitude, ft 

65,600 

65,600 

100,000 

70,000 

70,000 

Kinematic viscosity x 10^, ft^/s 

17.212 

17.212 

95.490 

21.561 

21.561 

Payload, lb 

- 

- 

100 

287 

1587 

Wing loading, Ib/ft^ 

0.42 

0.42 

0.25 

0.90 

2.78 

Aspect ratio 

35 

20 

20 

6 

6 

Wing span, ft 

159.4 

91.9 

280 

98 

98 . 

Wing chord, ft 

4.56 

4.54 

14 

16.3 

• 16.3 

Wing chord Reynolds number x 10"^ 

0.16-0.30 

0.16-0.30 

0.15 

1.00 

1.50 







somewhat higher than currently considered. However, the aspect ratio 20 
concept with an operating lift coefficient of 1.5 used by Parry was the 
same as that used by Phillips. 

The microwave-powered concept study performed by Sinko (ref. 2) con- 
sidered airplanes with different payloads. His operational lift coeffi- 
cients are comparable with that used by Heyson (ref. 8) in his study, but 
the aspect ratios of the aircraft in the two studies vary considerably. 

It should be noted that the Heyson study was based on a linear flight 
profile which used powered and glide phases between a series of micro- 
wave power transmitting stations. However, the characteristics pre- 
sented in Table 8.2 for that study are thought to be representative of 
those for the aircraft in powered level or circling flight. 

Table 8.2 indicates that the lift coefficient of 1.5 needed by the 
solar-powered aircraft must be achieved at a Reynolds number between 0.1 
and 0.3 million. The Reynolds number is of concern because it has a 
major influence on airfoil lift and drag characteristics. The influence 
of Reynolds number becomes increasingly critical as it decreases to or 
less than about 0.5 million. At these low values, the airflow often 
separates and reattaches to the airfoil; a phenomenon sometimes called a 
"separation bubble." In reference 97, Mueller and BatiTl discuss this 
aerodynamic behavior and present some photographs which vividly show the 
"bubble" as it occurred during wind-tunnel tests. Figure 8.1 (from 
ref. 97) illustrates the "laminar separation bubble." 
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S - laminar separation 
T - transition’ 

R - turbulent reattachment 


Figure 8.1 - Illustration of airflow separation and 
reattachment on an airfoil. 

An extreme, but not uncommon, example of airfoil separation and 
reattachment on the airfoil lift and drag coefficient characteristics 
is shown in Figure 8.2. 



Figure 8.2 - Comparison of theoretical and experimental results on 
an airfoil at 0.1 million Reynolds number. 
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Figure 8.2 compares theoretical and experimental data on the 
Eppler 387 airfoil at a Reynolds number of 0.1 million. The theoretical 
predictions were obtained using the computer code of Eppler and Somers 
(ref. 98). As shown in the figure, there are significant differences 
between the experimental and theoretical behavior for the airfoil. A 
possible explanation for the experimental behavior is given by the fol- 
lowing sequence of airflow characteristics identifiable with Figure 8.2: 

1. Separation on lower surface 

2. "Bubble" on lower surface 

3. "Bubble" on upper and lower surfaces 

4. Lower surface reattachment 

5. Attached flow on upper and lower surfaces 

6. Upper surface separation 

The Eppler design and prediction code, which is thought to be repre- 
sentative of the state of the art- for low-speed airfoils, contains only 
an attached boundary- layer code. It can estimate the start of separa- 
tion, but it cannot predict reattachment to form a bubble. Regardless 
of whether or not the flow reattaches to form a bubble, the code is 
inadequate to compute the performance accurately once separation has 
occurred. Although the specific comparison presented in Figure 8.2 is 
not in a referenceable report, Patrick (ref. 99) reports similar 
behavior of the same airfoil with experimental data obtained from both 
Delft (Netherlands) and Cranfield (United Kingdom) Universities. 

It is because of the degradation in airfoil performance generally 
associated with the low Reynolds numbers at which the solar-powered 
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HAAP airplane, in particular, would operate (see Table 8.2) that airfoil 
selection is of concern. A review of airfoil characteristics in refer- 
ence 100 (Abbott and von Doenhoff), reference 101 (Riegels), and refer- 
ence 102 (Althaus and Wortmann) indicates only a few airfoils with the 
potential for obtaining a of 1.5 in the 0.1 to 0.3 million Reynolds 
number regime apparently needed for a solar-powered HAAP. One older 
airfoil that exhibits unusually high C-|'s at low Reynolds numbers is 
the Gottingen 227 (ref. 101, page 239). 

Efforts to develop high lift, low drag airfoils at low Reynolds 
numbers of interest to HAAP have been pursued by Dr. Robert Liebeck at 
the McDonnell -Douglas Corporation. The Liebeck airfoil design method 
attempts to avoid flow separation on the airfoil along the entire pres- 
sure recovery region. The airfoil is designed for extensive regions of 
laminar flow on the upper surface. Immediately prior to laminar separa- 
tion, airfoil contouring is used to deliberately trip the laminar 
boundary layer to turbulent. An attempt is made to maintain attached 
flow to the trailing edge by designing the turbulent boundary layer to 
flow against the maximum pressure gradient it can tolerate without 
separation (a Stratford recovery (ref. 103)). Liebeck discusses his 
design philosophy in detail in reference 104, and also presents some 
experimental results. 

Figure 8.3 compares the characteristics of the Gottingen 227 and 
two Liebeck airfoils, the LA 2566 and the L 1003M. These airfoils were 
tested at Reynolds numbers (R^) of 0.1, 0.25 (design condition), and 
1.0 (design condition) million, respectively. 
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Figure 8.3 - Comparison of three airfoils having high lift 
at low Reynolds number. 


The three airfoils have significantly different camber lines and 
thickness forms. The general character of the data is similar for all 
three airfoils; however, the actual and levels differ con- 

siderably. (Tests performed on the L 1003M airfoil with a negative flap 
deflection extended uhe low-drag range to Ci — 0. ) A portion of these 
differences may be due to the of the tests, but insufficient data 
exist to separate the effects due to R^ and those due to shape. Fig- 
ure 8.3 shows clearly that it is possible in the R^ range of interest 
herein, to obtain high values of C] simultaneously with low values of 
that are almost independent of angle of attack. Most likely the 
indication of improved performance for the Liebeck airfoil sections over 
the Gottingen section results from the use of modern computational 
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techniques. This gives some confidence that additional efforts, both 
experimental and computational, will provide airfoil sections suitable 
for HAAP vehicles. 

Personal conversations with Dr. Liebeck indicate that his LA 5055 
airfoil is the most promising to date in obtaining high lift and low 
drag at low Reynolds numbers. Experimental data on this airfoil at con- 
ditions of interest to HAAP are not readily available. However, since 
an earlier Liebeck airfoil, the LA 2566 demonstrated a C-| > 1.4 and 
^d,0 ~ ^n “ million (ref. 96, page 551), it is assumed 

that future airfoils of this class will have even better performance 
(see Table 8.3). 

Because the Liebeck airfoils characteristically develop lift coeffi- 
cients over a wide range without a significant change in drag coefficient 
(see Fig. 8.3), it is assumed that this type of airfoil could contribute 
to an aircraft having a reasonably high Oswald airplane efficiency 
factor. An efficiency factor of 0.85 is assumed for this study. 

Table 8.3 summarizes the status of current and near-term airfoil 
technology suitable for HAAP design application. 


TABLE 8.3 - STATUS IN AIRFOIL TECHNOLOGY FOR HAAP DESIGN 



Current 

1985-86 

Type 

Liebeck LA 2566 

Future 

C-| , max 

1.4 

1.8 

^d,0 

0.010 

0.008 

R^, million 

0.25-0.50 

0.1-1. 5 
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In concluding this section, a few additional thoughts merit dis- 
cussion. In general, low-speed experimental measurements on airfoils 
at less than 0.3 million are unsatisfactory. Different wind tunnels 
give different answers for the same airfoil. This is due, in part, to 
airflow separation along the wind-tunnel walls. At the NASA Langley 
Research Center, a wind tunnel is currently undergoing extensive modifi- 
cation to facilitate this type of testing. In addition, NASA Langley is 
initiating a low-level effort to develop high lift, low drag airfoils at 
low Rp (i.e., C-j = 1.5 at R^ = 0.3 million). 

8.3 PROPELLERS 

The design and successful demonstration of lightly loaded propellers 
which use new lightweight materials such as the graphite fabric used on 
the Solar Challenger airplane is discussed by MacCready, et al. (ref. 2, 
page 9). Personal conversations with Mr. Ray Morgan, the Solar 
Challenger project manager, indicated that the propeller weight- to-thrust 
ratio was the primary design criterion for the Challenger's propeller. 

A weight-to- thrust ratio of about 0.06 Ib/lb was used in that design, 
and is assumed for this study. The Challenger's propeller efficiency 
was estimated at about 0.86. 

In the HAAP aircraft studies, Heyson (ref. 8, page 4) provides air- 
plane propeller design information, and Petrone and Wessel (ref. 94, 
page 3) provide details of a propeller designed to power a HAAP blimp. 
Table 8.4 summarizes some propeller design data determined from refer- 
ences 8 and 94. 
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TABLE 8.4 - SUMMARY OF CHARACTERISTICS FOR PROPELLERS 
DESIGNED FOR HAAP AIRCRAFT 


Study 

Petrone and Wessel 
(ref. 94) 

Heyson (ref. 8) 

HAAP aircraft 

B1 imp 

Airplane 

Number of blades 

3 

3 

Diameter, ft 

25 

24 

RPM 

90-144 

450 

Altitude, ft 

70,000 

65,500 

Kinematic viscosity x 10^, ft^/s 

21.56 

17.21 

Airspeed, ft/s 

34.3 and 57.2 

216 

Characteristic R^, million 

0.1 

0.1 

Efficiency 

0.79 

0.87-0.92 


Table 8.4 indicates that the propellers will operate at a nominal 
Reynolds number of about 0.1 million. The propeller lift coefficient 
would be considerably less than that for an airfoil, reducing slightly 
the performance demands on the propeller relative to the airfoil for 
solar-powered flight. In this study, a propeller efficiency of 0.85 is 
assumed. 


94 





CHAPTER 9 


MATERIALS, STRUCTURES, AND PAYLOADS 
9.1 MATERIALS AND STRUCTURES 

Lightweight materials such as Kevlar, graphite, and plastic 
derivatives are being incorporated into the construction of blimps 
(ref. ,105, page 4) and of airplanes (ref. 2, pages 8-9). The advantage 
of using these materials is lighter structural weight. For this study, 
a constant structural weight fraction is assumed. Based on the summary 
data presented in Table 8.3, a structural weight fraction of 0.33 is 
assumed for the HAAP blimp. In using this value, note that the weight 
of the lifting gas is not included in the total vehicle loads. 

A minimum structural weight fraction assumed for the HAAP airplane 
is that for the Minisniffer II, a high-altitude remotely piloted vehicle 
discussed by Reed in reference 106. The minimum structural weight 
fraction assumed for the HAAP airplane is 0.17 (determined from ref. 106, 
page 36). An additional structural constraint must also be considered, 
the ratio of structural weight to wing planform area. The Solar 
Challenger airplane is thought to be representative of current ultra- 
light aircraft technology. Its value for the structural weight to wing 
planform area ratio was about 0.5 Ib/ft^. The minimum value for that 
ratio selected for this study is 0.40 Ib/ft^. 

The degradation of these lightweight materials when exposed to the 
expected low radiation levels in the case of a nuclear-powered HAAP is 
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not known. However, the same structural weight ratio will be used for 
the nuclear aircraft as for the solar- and microwave-powered aircraft. 
9.2 PAYLOADS 

Payload type, weight, volume, and power requirements will vary with 
the many possible uses discussed in Chapter 2. A study of these many 
types of payload instrumentation is beyond the scope of this project. 

As an alternative, a simple weight allowance is used herein. However, 
the payload selected is thought to be representative of the small pay- 
loads and power levels that might be used on the advanced communications 
satellites anticipated for the mid-1980's (ref. 107, page 76). A pay- 
load v;eight of 100 lb with a continuous power requirement of 1000 watts 
is assumed for this study. 
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CHAPTER 10 

ANALYSIS CONSIDERATIONS 

10.1 HAAP DESIGN PHILOSOPHY 

10.1.1 Solar-Powered Concepts 

Of major concern in the practical operation of a solar-powered HAAP 
is its orientation to the Sun. Figure 10.1 illustrates positions for 
relatively high and low exposure of the solar cells to the Sun's rays 
for a HAAP blimp. 



Figure 10.1 - Illustration of Sun angle effect on' energy 
to a solar-powered HAAP blimp. 


The solar-powered blimp must operate throughout the entire day; 
thus, many additional solar cells may be required so that an adequate 
number are illuminated at all hours of the day. The direction of flight 
will be determined by the direction of the winds aloft. Under certain 
combinations of wind direction and solar aspect, the majority of the 
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cells may receive light only at grazing angles with a consequent reduc- 
tion in power output. These considerations will not be addressed further 
herein since the objective of the current study is primarily a gross 
assessment of the technical feasibility of the HAAP. 

Figure 10.2 illustrates the importance of Sun orientation for a 
solar-powered HAAP airplane. 



High exposure Low exposure 


Figure 10.2 - Illustration of Sun angle effect on energy 
to a solar-powered HAAP airplane. 

The present study assumes that the solar cells are mounted on the 
essentially horizontal upper surface of the wing. As indicated by fig- 
ure 10.2, when the Sun is low on the horizon, either because of the 
hour of day or because of very high latitude, the cells receive only 
grazing energy from the Sun. Operation under such conditions indicates 
a requirement for cells on vertical as well as horizontal surfaces. 

Some possible configurations have been suggested to accommodate this 
need in non-referenceable documents. The present study is intended only 
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as a first order feasibility study and will not address this aspect of 
the problem. 

10.1.2 Microwave-Powered Concepts 

Of importance in the design of a microwave HAAP system is the align 
ment of the energy transmitting and energy receiving (rectenna) antenna. 
(It should be noted that the direction of a HAAP blimp is chosen by the 
direction of the wind, and that a HAAP airplane must circle to maintain 
station.) If both transmitter and rectenna use linear polarization, the 
energy transferred diminishes significantly with misalignment; approxi- 
mately with the phase angle between the two units. If the antenna 
transmits with circular polarization, the linear polarization of the 
rectenna produces a sinusoidal variation in apparent amplitude of each 
wave form at the rectenna. As a result, the average energy level at the 
rectenna is only half that for linear polarized alignment. In this 
study, the details associated with linear or circular polarization of 
the transmitted microwaves are neglected; thus, circular polarization 
of both antennae is implicitly assumed. Linear polarization would 
impact the results to some extent; however, the present treatment should 
suffice for a first-order feasibility study. 

10.1.3 B1 imps 

The HAAP blimp design philosophy is relatively straightforward 
since there is no concern for dynamic lift. After defining the flight 
system characteristics (Chapters 4 through 7), aerodynamic character- 
istics (Chapter 8), and structural weight relationships (Chapter 9), the 
winds which will be encountered (Chapter 3) determine the power, and 
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eventually the blimp size. The design maximum airspeed assumed for this 
study is 140 ft/s, which permits some degree of maneuverability in the 
severe winter wind environment. 

For the solar-powered HAAP blimp, energy must be stored to provide 
power for nighttime operation. During this nighttime operation, it is 
assumed that the average airspeed will not exceed 50 ft/s; this highest 
seasonally averaged airspeed at HAAP altitudes occurs during the winter. 
10.1.4 Airplanes 

For maintaining station, the airplane would, ideally, fly into the 
headwind at equal airspeed, as in the blimp case. Since the wind speed 
is variable, and sometimes zero, for simplicity, the HAAP airplane is 
designed for circling flight at a constant 140 ft/s, the maximum required 
airspeed. In addition, the HAAP airplane is designed to operate at 
minimum power. The relationship for operating at minimum power is 
derived by Loftin in reference 108 (page 343). Equation (10.1) 
expresses that relationship. 

Cl, opt ' 00.1) 

where 

Cl, opt lift coefficient at minimum power 

Cd,o profile drag coefficient 

A aspect ratio 

e Oswald airplane efficiency factor 
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Then the relationship defining lift coefficient in cruise. 




w 


^pv^s 


can be used to define the required wing area as 


( 10 . 2 ) 


S = 


W 

2 ^L,opt 


(10.3) 


when operating at minimum power, where 
S wing planform area (ft^) 

W airplane total weight (lb) 

p ambient density (slugs/ft^) 

V airspeed (ft/s) 

The relationship for wing area is based on aerodynamic loads, and does 
not account for the solar-cell or rectenna area required to meet the 
airplane power demands. 

An aspect ratio 20 wing is selected for the baseline configuration 
in this study. The operating cruise Ci_ is defined by equation (10.1) 
with a maximum operating cruise lift coefficient (Cl^p^qx op) 1.50. 
10.2 COMPUTER CODES 

To facilitate the technical evaluation of the various HAAP con- 
cepts, two interactive FORTRAN computer codes were developed to aid in 
the analysis. One computer program is designed to analyze blimp con- 
cepts; another program to analyze airplanes. Each program can represent 
solar-, microwave-, or nuclear-propulsion systems as desired. 
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The computer codes contain appropriate modeling of the atmosphere, 
developed from the data contained in reference 18 (the U.S. Standard 
Atmosphere). Temperature, density, and pressure profiles of the atmo- 
sphere are modeled to an altitude of 260,000 ft. A 15-term Chebychev 
approximation method is used to determine density and pressure for a 
specified altitude. The airplane analysis code uses only the atmospheric 
density model. 

The computer codes are interactive, which permits the user to con- 
veniently select values for many parameters such as altitude, airspeed, 
or drag coefficient. Should the user choose not to provide a value for 
a specific parameter, a default value is provided in the program. The 
default values are generally representative of the near-term technologies 
applicable for a microwave-powered HAAP concept. The default values and 
the input dimensional units for all major system components (i.e., 
battery efficiency) are displayed on the screen of the interactive 
terminal. Should the user input "0" for the amount of energy (power) 
that is incident to the aircraft, the analysis is conducted on the 
assumption that the aircraft is nuclear-powered. 

The effect of varying any one parameter on the size of the HAAP 
concept can be evaluated readily. The user may select any parameter, 
such as propeller efficiency, and then select different values for 
efficiency. The effect of propeller efficiency is shown on the plotted 
data output. Blimp size is measured by volume and airplane size by wing 
span. 
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The methodology used to find a solution for the aircraft size is 
based on excess-lift-fraction, which is expressed as 

Excess-im-fraction 1. (,0.4) 

The logic of the computer code is to increment blimp volume or to wing 
area, both of which produce lift. When blimp volume or wing area is too 
small, a negative value is calculated for excess-lift- fraction. Con- 
versely, if blimp volume or wing area is too large, a positive value is 
calculated for excess-lift- fraction. The blimp volume or wing area 
(expressed in terms of wing span), for which the excess-lift-fraction 
equals zero, is the design size. Figure 10.3 illustrates this method 
of logic for determining blimp size. 

The computer analysis codes do not contain any graphics capability. 
The codes use an output data format compatible with complex graphics 
codes at the NASA Langley Research Center that plot the generated data 
on the computer terminal screen. Figure 10.4 is a flow chart which 
illustrates the logic used in the analysis programs. Appendix A pro- 
vides a listing of the two codes. 
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' Volume. V X 10"®, ft® 


Figure 10.3 - Illustration of sizing methodology for a 
HAAP concept solution. 
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Figure 10.4 - HAAP computer analysis codes flow chart. 
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10.3 HAAP POWER SYSTEM SCHEMATIC 


Figure 10.5 illustrates the generalized propulsion and power system 
arrangement for a HAAP. 



Figure 10.5 - HAAP power system schematic diagram. 
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10.4 HAAP CONCEPT ENERGY REQUIREMENTS 

Conventional relationships are used to determine power and energy 
requirements. The following fundamental relationships are used for 
thrust, motor power, and system energy in the calculations. Aerodynamic 
relationships were discussed in Chapter 8. 

00.5) 

P - Iv 

m rip (10.6) 



where 


(10.7) 


Oq drag coefficient 

E daily (24-hour) energy delivered by power source (W-h) 

(see Fig. 10.2) 

P,^ power delivered by motor (W) 

P[Ti payload power (W) 

Poff number of hours energy storage device is operated (h) 

wing reference area for airplane (ft^) 

(volume)^/^ for blimp (ft^) 

T required thrust (lb) 

V characteristic airspeed (ft/s) 

Pg ambient density (slugs/ft^) 

bgg energy storage efficiency 
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n,P motor efficiency 

Tip propeller efficiency 

ripp power processing efficiency 

10.5 SUMMARY OF SYSTEM PARAMETERS 

Chapters 3 through 9 discussed the technology status of various 
systems for application to a High-Altitude Aircraft Platform (HAAP). 
Tables 10.1 to 10.3 summarize the technology statuses of the components 
used in this study, most of which are near-term (1985-86). Details 
associated with any system can be found in the prior chapters. 

Table 10.1 summarizes various baseline values of the system parameters 
used herein to evaluate the HAAP concepts. 
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TABLE 10.1 - SUMMARY OF GENERAL SYSTEM PARAMETERS 
FOR HAAP DESIGN 


Energy Storage 


Batteries 

Usable energy-weight ratio, W-h/lb .... 

Efficiency 

Fuel Cell 

Usable energy-weight ratio, W-h/lb: 

4-hour storage 

8-hour storage * 

12-hour storage [ [ 

16-hour storage ' " * 

Efficiency 

Motor and Gearing 

Power-weight ratio, W/lb 

Efficiency .'.*!! * ' 

Power Processing 

Power-weight ratio (payload), W/lb 

Power-weight ratio (propulsion), W/lb ! 

Efficiency .* • • • 

Structure 

Blimp weight- total load ratio 

Minimum airplane airframe weight-total weightratio’ 

Minimum airplane airframe weight-wing area ratio, Ib/ft^ . ! 

A.erodynami c Chararteristic<; 


15.3 

0.85 


48.3 

92.7 

133.7 

171.6 

0.50 


. 573 
0.94 


54 

250 

0.92 


0.33 

0.17 

0.40 


Propeller 

Weight-thrust ratio, Ib/lb 

Efficiency !!.*.'* 

Airplane maximum operating lift coefficient, C 

Airplane profile drag coefficient, Cp g . . . 

Airplane (Oswald) efficiency factor 

Airplane aspect ratio 

Blimp drag coefficient, Cq .......... 


0.06 

0.85 

1.50 

0.010 

0.85 

20 or 30 

0.035 
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Due to the technologica) uncertainty of energy-weight ratios for 
regenerative fuel cells, particularly for a small number of storage 
capability hours, the battery system is used for energy storage require- 
ments less than 4 hours. 

Table 10.2 summarizes the system parameters uniquely associated with 
each propulsion system under consideration in this study. 

TABLE 10.2 - SUMMARY OF SPECIFIC PROPULSION SYSTEM 
PARAMETERS FOR HAAP DESIGN 

Solar Power System 
Solar cell array 

Weight-area ratio, Ib/ft^ 0.07 

Efficiency 0.16 

Sun energy flux, W/ft^ HI 

Microwave Power System 
Rectenna 

Weight-area ratio (blimp), W/lb 0.08 

Weight-area ratio (airplane), W/lb 0.04 

Efficiency o.80 

Microwave energy flux, W/ft^ 37 

Nuclear Propulsion System 

Power-weight ratio, W/lb 10 to 30 


no 



Table 10.3 summarizes payload and operating parameters for the 
HAAP aircraft. 


TABLE 10.3 - SUMMARY OF PAYLOAD AND OPERATING 
PARAMETERS FOR HAAP DESIGN 


Payload 

Weight, lb 

Power , W 

Operating conditions 

Altitude, ft . . . 

Blimp: 

Maximum airspeed, ft/s . . . . 
Average airspeed, ft/s . 

Minimum superpressure, Ib/ft^ . 

Superheat, °F 

Helium-gas fraction 

Airplane: 

Airspeed, ft/s 


100 

1000 

70,000 

140 

50 

5.2 

0 

0.95 

140 
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CHAPTER 11 


HAAP BLIMP FEASIBILITY AND ANALYSIS 

The current analysis compares the relative feasibilities of solar- 
voltaic- and microwave-powered HAAP blimps using near-term technologies 
appropriately common to each propulsion concept. A solar-powered con- 
cept designed to operate over the United States is significantly 
influenced by the long nights in the winter and the long days in the 
summer. In addition, the energy flux incident on the solar cells is 
physically limited by the maximum energy available from the Sun, about 
127 W/ft^. 

A microwave-powered concept is more heavily influenced by tech- 
nological progress. Energy available with this concept is influenced by 
the magnitude of the incident microwave flux that can be rectified 
reliably. Near-term technology estimates for this flux are about 
37 W/ft . Solar-voltaic and microwave power technologies are discussed 
in detail in Chapters 4 and 5, respectively. Other near-term tech- 
nologies essential to this study were discussed in previous chapters, 
and summarized in Tables 10.1, 10.2, and 10.3. 

There is a high degree of uncertainty about the propulsion system 
weight for a nuclear-powered system; therefore HAAP blimps using nuclear 
power are only analyzed parametrically. 

Figure 11.1 illustrates the required sizes of a solar-voltaic and 
a microwave-powered HAAP blimp as determined from a weight balance 
analysis^ 
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Volume. V X 10‘®, ft' 


HAAP blimp concept 
Solar powered 
Microwave powered 


Figure 11.1 - HAAP blimp sizes. 


11.1 SOLAR- POWERED CONCEPT 

Figure 11.1 indicates, from a weight analysis viewpoint, that a 
solar-powered HAAP blimp would be about 4 million cubic feet in size. 

The concept is sized to operate on days with 8 hours of sunlight, which 
is, on the average, about the smallest number of daylight hours 
encountered in the United States each year. During the daylight hours, 
the blimp is powered by solar cells mounted on its surface. During the 
hours of darkness, the blimp is powered by a regenerative fuel cell 
system. Table 11.1 summarizes some of the specific characteristics of 
this solar-powered HAAP blimp concept. 

Table 11.1 shows that the solar-powered HAAP blimp would be about 
678 feet in length. Particular note should be given to the required 
solar cell area and reference area. The required solar cell area pro- 
vides all power needs and includes a 10-percent redundancy. The refer- 
ence area is simply the blimp projected planform area, and is the maximum 
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TABLE 11.1 - SOLAR-VOLTAIC POWERED HAAP BLIMP SUMMARY CHARACTERISTICS 
Design conditions: 

Altitude, ft 70,000 

Cruise airspeed, ft/s 50 

Maximum airspeed, ft/s 140 

Incident energy flux, W/ft^ HI 

Solar cell efficiency 0.16 

Stored energy, h *15 

Payload power, W 1,000 

Payload weight, lb ’lOO 

Structural weight fraction 0.33 

Cruise drag coefficient, Cq 0.035 

Motor size, hp 373 

Weights, lb 

Propeller 74 

Motor-gear 435 

Payload lOO 

Solar cell array 5988 

Fuel cell system I 349 

Pov/er processing system 1130 

Structure 4937 

Total weight TsTTTA 

Gas mass, lb 3557 

Blimp dimensions: 

Volume X 10“®, ft^ 4.2 

Maximum diameter, ft 136 

Length, ft 573 

Reference planform area, ft^ 59,800 

Solar cell area, ft^ 99,800 

Cruise Reynolds number 15,800,000 

Daily incident energy required, kW-h * 630 


114 . 


GffectivG arGa subjGctGd to thG rays of thG Sun for obtaining powGr. 

ThG rGguirGd solar cgII aroa is about 1.7 tirriGS thG planform arGa.' This 
tuGans that tharG is insufficiant araa on a convantionally shapad blimp 
to locatG thG naeassary solar calls. Figura 11.2 il lustra tas a twin- 
bodiad blimp which conceptually can provide the necessary area by carry- 
ing the solar cell arrays between the bodies. If aerodynamic forces on 
the solar panel were neglected, each hull of the twin body configuration 
would be about 4 million ft^ in volume and about 670 ft in length. 



Figure 11.2 - A possible solar-powered HAAP blimp concept. 


If drag due to the solar panel is considered, the drag coefficient for 
the blimp concept is modified as shown in equation (11.1). 


— 

where 

Cq concept total drag coefficient 

*^D,h blimp hull drag coefficient (based on 
(formerly Cq in eq. (8.5)) 


( 11 . 1 ) 
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Cq^q solar panel profile drag coefficient 

solar panel area (ft ) 

V blimp hull volume (ft^) 

A value of 0.005 was selected as representative of Cp q, and is based 
on flat plate drag estimates. Temporary modifications were made to the 
computer program of Appendix A.l, to examine the hull sizes required for 
the twin hull configuration. The results of this brief study are shown 
in Figure 11.3 for several assumed values of wing weight. 



V71ng freight, Ib/ft® 
.070 
.200 
.400 


Volumo par hull. V X lO"®. ft® 


Figure 11.3 - Effect of wing weight on twin-body 
solar-powered HAAP blimp size. 

The drag penalty due to the wing (wing weight = 0.07) changes the 
hull volume from 4.2 million ft^ (see Fig. 11,1) to about 10 million ft^, 
and results in a 1900-ft vehicle length. Small increments in wing weight 
to provide structural integrity have a remarkable effect on hull volume. 

A wing weight of 0.2 Ib/ft^, for example, results in a 90 million ft^ 
volume for each hull. In practice, however, the wing could be used to 
house some of the lifting gas, which in turn reduces hull size. In any 
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event, with practical values for wing weight, solar blimps of this con- 
figuration appear to be so immense as to be impractical. This configura- 
tion will not be considered further in this report. 

Parametric Variations 

Considerable effort was involved in determining the near-term tech- 
nology capabilities which were assumed in this study. Because the 
feasibility of a solar-powered HAAP blimp is subject to change with level 
of technology, a ^sensitivity analysis was conducted. The results of this 
analysis will be presented in the next several sections of this paper. 

The following analysis illustrates the size of a single hull carrying 

the design payload, and neglects aerodynamic forces that may be on a 
connecting solar panel. 

11. 1-1.1 Maximum Airspeed 

The 140 ft/s design maximum airspeed selected for this study is 
based on available high-altitude windspeed data (Table 3.1, page 15), 
and permits a small degree of maneuverability in the most severe wind- 
speeds anticipated. Figure 11.4 illustrates the dramatic effect maximum 
airspeed has on the size of a solar-powered HAAP blimp. 
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Maximum airspeed, fi/s 
140 
100 
50 


Volume. V X 10"®. ft"* 

Figure 11.4 - Effect of maximum airspeed on 
solar-powered HAAP blimp size. 

Figure 11.4 vividly exemplifies that power required, and the corre- 
sponding system weights, varies with airspeed cubed (v^). A design 
maximum airspeed of 100 ft/s results in a blimp size of about 

O 

0.6 million ft , based on a weight balance analysis. When additional 
solar cells are provided for a practical concept which would permit the 
capture of energy from either a left- or right-side facing Sun, the 
size increases to about 3.2 million ft^. This concept would be exten- 
sively covered with solar cells and about 620 ft in length. This 
100 ft/s maximum airspeed design represents about the maximum design 
airspeed for which a conventional single-body concept is feasible, using 
near-term technology. It should be noted that concept feasibility is 
achieved at significant sacrifice to station keeping capability during 
the winter season. 
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n.1.1.2 Drag Coefficient, Cq 

One of the major inconsistencies in the literature on HAAP blimps 
is the operational drag coefficient. Some studies have assumed a drag 
coefficient of 0.050 while others have assumed values of about 0.020. 

The drag coefficient (0.035) assumed in this study is thought to be 
representative of a flight configuration constructed within 5 to 6 years. 
In determining the 0.035 drag value, many experimental and theoretical 
documents on blimp drag were reviewed and the sensitivity of size to drag 
coefficient was investigated. 

The results of the parametric study of drag coefficient are shown in 
Figure 11.5. A solar-powered HAAP blimp with a relatively high drag 


I 


a 

Q 

(Tj 


w 

w 

o 

^i 


.8 

.4 

0.0 

-.4 

-.0 



3 

p 



r 



/ 





/ 

/ 



u 




u 




u 

'[ 









Drag coefficient. Cp 
.020 
.035 
.050 


0 0 16 . 
Volume. V X 10"®. ft® 


Figure 11.5 - Effect of drag coefficient on 
solar-powered HAAP blimp size. 


coefficient of 0.050 would have a volume of about 12 million ft^ and a 
length of 960 feet. A more aerodynamical ly refined configuration having 
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a Cp of 0.020 would have a volume of about 1 million ft^ and a length 
of 420 feet. The most important impact of the variation in Cq is not 
the change in size, but the relative areas required for solar cells. 

The concept with Cp = 0.050 needs more than twice the available plan- 
form area for installing the solar cells, while the Cq = 0.020 vehicle 
needs about 97 percent of the planform area for cells. 

If a conventionally shaped HAAP blimp could be designed with a Cq 
of 0.020, each body of a twin-body configuration (similar to the baseline 
concept shown in Fig. 11,2) would have a volume of about 1 million ft^. 
Although the lower Cq (0.020) makes a single-body concept more feasible, 
it would need to be almost entirely covered with solar cells. Slightly 
less than half of the cells would be on the dark side of the blimp and 
provide no contribution to propulsion power. The excessive amount of 
solar cell weight would result in a concept considerably larger than 
1 million ft^ - about 12 million ft^. 
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Volume. V X 10"®, It® 

Figure 11.6 - Effect of propeller efficiency on solar-powered 

HAAP blimp size. 

A propeller efficiency of 0.85 was assumed for this study. A 
change in propeller efficiency of 5 percent (Fig. 11.6) changes the 
volumetric size of the blimp by about 15 percent. The effect of pro- 
peller efficiency is relatively minor. 
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VolxmiQ. V X 10"^. ft^ 

Figure 11,7 - Effect of solar cell efficiency on solar-powered 

HAAP blimp size. 

Solar cell array efficiency can significantly affect the solar- 
pov/ored HAAP blimp size (Fig. 11.7). If the arrays operated at 
12 percent efficiency, the blimp would require almost double the volume 
of a blimp with the 16-percent efficient array. A 20-percent efficient 
solar cell array system could decrease blimp size by about 1 million ft^, 
but v/OLild still require 30 percent more cell area than available on the 
conventional blimp planform. 
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• 1 . 1 . 5 Incident Solar Power 


Incident solar power, TT/ft® 
127 
111 
100 


H 0 4 0 

Volume. V X lO"^, ft® 

Figure 11.8 - Effect of incident solar power on 
solar-powered HAAP blimp size. 

An incident solar energy flux of 111 W/ft^ was assumed in this 
study. It is an average value for each hour of the day that sunlight is 
incident on the vehicle. Values less than 111 W/ft^ result in larger 
blimps (Fig. 11.8). If 127 W/ft^ is assumed, which represents about the 
maximum possible energy flux, the blimp size is reduced, but 25 percent 
more solar cell area is still required than available on the planform. 
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11.1.1.6 Fuel Cell Weight 


Fuel cell Treight, W-h/lb 

300.0 
171.6 

100.0 


Figure 11.9 - Effect of fuel cell weight on 
solar-powered HAAP blimp size. 

In this study, the weight of a regenerative fuel cell system 
designed for an 8- hour charge— 16-hour discharge cycle is characterized 
by a value of 171.6 W-h/lb. This value is thought to be representative 
of regenerative fuel cell energy storage technology when the system is 
introduced and becomes available for use. Higher characteristic values 
for an introductory system have been estimated. Figure 11.9 indicates 
the effect of fuel cell system weight on the resultant HAAP blimp size. 
The fuel cell weight has negligible effect on the relative area 
required for solar cell arrays. 
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n.1.1.7 structural Weight Fraction 


structural weight fraction. 
.20 
.33 
.45 


H 0 4 Q 

Volume, V X 10"®. ft® 


§ 

§ 

o 

(d 


A 


0.0 


a -.4 

tn 

o -.a 















/ 



1/ 

3 



' 4 

i 

JUL 




If 









Figure 11.10 - Effect of structural weight fraction on 
solar-powered HAAP blimp size. 

The superpressure blimp represents a considerably different con- 
struction technology than the conventional blimps associated with the 
"Goodyear" television commercials. The structural weight fraction 
assumed for this study of 0.33 is based primarily on results from 
in-depth studies on the structural design of superpressure HAAP type 
blimps. The structural weight fraction value does not include the 
weight of the lifting gas. Figure 11.10 demonstrates the major impact 
of structural weight fraction on the blimp size. The effect on relative 
solar cell area is negligible. 
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11.1.1.8 Payload Weight 



Payload weight, lb 
100 
500 
1000 


Figure 11.11 - Effect of payload weight on 
solar-powered HAAP blimp size. 

Larger payload weights can be accommodated readily without com- 
promising the HAAP blimp concept feasibility. Increasing the payload 
by a factor of 10 (Fig. 11.11) results in only a relatively small 
increase in volume. This result should be anticipated since the pay- 
load represents only a small fraction of the total weight. 
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n.1.1.9 Helium Gas Fraction 


Helium gas fraction 
1.00 
.95 
.90 


w 0 4 a 

Volume, V X 10"®, ft® 

Figure 11.12 - Effect of helium gas fraction on 
solar-powered HAAP blimp size. 

A helium gas fraction of 0.95 was used in this study. This means 
that the lifting gas is 95 percent pure helium with the remaining 5 per 
cent being air. The literature on blimp operational gases generally 
reflect a 94- percent pure helium gas content. Figure 11.12 indicates 
that about a 15-percent change in blimp volumetric size results from a 
5-percent change in the purity of helium. 
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n. 1.1. 10 Superpressure 


Superpressure, Ib/ft® 
2.5 
5.2 
10.0 


W 0 4 0 

Volume, V X lO"®. ft® 

Figure 11.13 - Effect of superpressure on 
solar-powered HAAP blimp size. 

Figure 11.13 shows that small changes in blimp design superpressure 
would have an almost insignificant effect on the blimp concept size and 
feasibility for the HAAP missions considered in this study. 
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ll.l.l.n Advanced Technology Solar-Powered HAAP Blimp 

Figure 11.14 illustrates the size of a single-body solar-powered 
HAAP blimp concept representative of far-term technology. 



Voliime. V X 10“®. ft® 

Figure 11.14 - Solar-powered HAAP blimp size using 
far-term technology. 

Table 11.2 indicates the technology advances (far- term) required 
for the advanced vehicle design (Fig. 11.14) in comparison to those used 
in this study (near-term). The advanced vehicle concept would be a 
single-body about 500 ft in length, and extensively covered with solar 
cells. Observe that success of this venture requires the development 
of al_]_ the technologies in Table 11.2 to the "far-term" levels 
indicated. 
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TABLE 11.2 - SOME TECHNOLOGY ADVANCES FOR A SINGLE-BODY 
SOLAR-POWERED HAAP BLIMP CONCEPT 



Near-Term 

Far-Term 

Solar cell array operating efficiency 

0.16 

0.20 

Structural weight fraction 

0.33 

0.20 

Cruise drag coefficient, Cp 

0.035 

0.020 

Propeller efficiency 

0.85 

0.90 

Fuel cell energy-weight ratio, W-h/lb 

171.6 

300.0 

Helium purity fraction 

0.95 

1.00 

Superpressure, Ib/ft^ 

5.2 

2.5 


11.1.2 General Remarks 

A primary concern in the design of a solar-powered HAAP blimp is 
the excessive area needed for the solar arrays. A twin-bodied design 
illustrated in Figure. 11.2 is one configuration which could resolve that 
concern, but it would be an impractical ly large vehicle when designed for 
maximum station keeping capability (140 ft/s). Detailed analysis indi- 
cated that a single-body solar-powered blimp to perform the HAAP mission 
becomes more feasible as the design changed to operation with increasing 
number of daylight hours. For example, HAAP blimp designed to operate 
with up to 16 hours of daylight would be a single body, about 7 million 
ft^ in volume and about 800 ft in length. This concept would be suffi- 
ciently covered with solar cells to provide power without regard to 
v^hether its left or right side were facing the Sun. The minimum number 
of daylight hours for which a single-body solar-powered HAAP appears 
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feasible with near-term technology is about 13 hours. Such a concept 
would be on the order of 15 million ft^ in volume and 1000 ft in length. 
The full development of all pertinent technologies reduces the size of 
the solar-powered HAAP blimp to manageable proportions. A substantial 
degree of success in these developments would be reguired before starting 
the blimp development in order to reduce the risk to a reasonable level. 

A conventional single-body solar-powered HAAP blimp with reduced 
station keeping capability (100 ft/s maximum airspeed) appears to be 
feasible in the near-term. The concept would be about 3.2 million ft^ 
in volume and about 620 ft in length. 

The solar-powered, superpressured, HAAP blimp concepts, derived from 
this study can be compared with that derived by Kuhn (ref. 93) for a 
similar solar-cell/regenerative fuel cell system. Kuhn's study con- 
sidered hydrogen as the lifting gas and a drag coefficient of 0.050 
for several payload sizes and design airspeeds. For a 220-lb payload 
design capable of an airspeed of about 115 ft/s at 70,000 ft altitude, 
Kuhn determined that a single-bodied blimp slightly over 16 million ft^ 
in volume and about 930 ft in length is required. Kuhn does not discuss 
the incompatibility betv/een the blimp surface area and the required 
solar cell area that occurs with increase in design airspeed. 

11.2 MI CROHAVE-POHERED CONCEPT 

Figure 11.1 indicates that a microwave-powered HAAP blimp would 
be about 0.2 million ft"^ in volume, which is almost identical to the 
volume of the "Goodyear blimp." The HAAP blimp concept is sized to 
operate continuously, converting incident microwave power which is 
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beamed from a nearby ground-transmission station. There is no energy 
storage requirement for this concept. Table 11.3 summarizes the blimp 
characteristics. 

Table 11.3 describes a microwave-powered HAAP blimp as having a 
length of 242 ft and requiring a 48-hp motor. The area required for the 
rectenna is about. 20 percent of the available planform. The rectenna 
area includes 10 percent redundancy. Because the microwaves readily 
transmit through blimp surface materials, the rectenna arrays can be 
housed within the blimp envelope without significantly compromising the 
design or size. 

The concept described in Table 11.3 is less than half the volume 
of the microv^ave-powered HAAP blimp proposed by Sinko in reference 2. 
This current study considered a superpressure blimp whereas Sinko's 
study was based on the conventional blimp that houses the lifting gas 
in ballonets (gas bags) carried inside the hull. Sinko's 0.50 million 
ft concept had 50 lb of batteries to power the 287-lb payload; however, 
his assumption of a drag coefficient of 0.060 is the probable reason for 
the greater volume of his proposed blimp. 
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TABLE n.3 - MICROWAVE-POWERED HAAP' BLIMP SUMMARY CHARACTERISTICS 


Design conditions: 

Altitude, ft 
Cruise airspeed, ft/s 
Maximum airspeed, ft/s 
Incident energy flux, W/ft^ 
Rectenna efficiency 
Stored energy, h 
Payload power, W 
Payload weight, lb 
Structural weight fraction 
Cruise drag coefficient, Cq 

Motor size, hp 
Weights, lb 

Propel ler 

Motor-gear 

Payload 

Rectenna 

Battery system 

Power processing system 

Structure 

Total weight 

Gas mass, lb 

Blimp dimensions: 

Volume X 10“^, ft^ 

Maximum diameter, ft 
Length, ft 

Reference (planform) area, ft^ 
Rectenna area, ft^ 

Cruise Reynolds number 

Daily incident energy required, kW-h 


70,000 

50 

140 

37 

0.80 

0 

1,000 

100 

0.33 

. 0.035 

48 


9 

61 

100 

124 

0 

160 

224 

679 

161 


0.19 

48 

242 

7600 

1555 

5 , 800,000 

71 
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A microwave- powered HAAP would resemble the conventionally con- 
figured blimp illustrated (not to scale) in Figure 11.15. 




Figure 11.15 - A feasible microwave-powered HAAP blimp concept. 

11.2.1 Parametric Variations 

The sensitivity of a microwave-powered HAAP blimp concept to 
changes in the level of technology is presented in the same manner as 
for the solar-powered HAAP blimp. 

11.2.1.1 Drag Coefficient, Cq 


Drag coefficient, Cp . 
.020 
.035 
.050 


Figure 11.16 - Effect of drag coefficient on 
microwave- powered HAAP blimp size. 
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Figure 11.16 shows that the drag coefficient assumed for the 
microwave-powered HAAP blimp can significantly affect its size. The 
representative high (Cq = 0.50) and low (Cp = 0.20) values for blimp 
drag coefficient which appear in the literature can double or halve the 
volume of the baseline concept for which a Cp of 0.035 was assumed. 
The Cp values shown in Figure 11.13 have no significant effect on 
overall concept feasibility. 

11.2.1.2 Propeller Effic iency 

Propeller efficiency 
.90 
.85 
.80 

Volume. Y X 10"®, ft® 

Figure 11.17 - Effect of propeller efficiency on 
microwave-powered HAAP blimp size. 

Figure 11.17 shows that reasonable variations in propeller effi- 
ciency have little effect on the microwave-powered HAAP blimp size or 
feasibility. 



135 




11.2. 1.3 Rectenna Efficiency 



Volume, V X 10"®, ft® 


Rectenna efficiency 
.80 
.75 
.70 


Figure 11.18 - Effect of rectenna efficiency on 
microwave-powered HAAP blimp size. 

Figure 11.18 shows that reasonable variations in the efficiency of 
the rectenna system have little effect on the blimp size or feasibility. 
The 80-percent efficient system assumed in this study needs 0.20 of the 
available planform area for rectenna; a system with a rectenna effi- 
ciency of 70 percent needs about 0.23 of the available area. 
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1 1 • 2 . 1 . 4 Incident Microwave Power 



Volume, V X lO"*, ft® 


Incident mioroirave poirer, ¥/ft® 
74 
37 
IB 


Figure 11.19 - Effect of incident microwave power on 
microwave-powered HAAP blimp size. 

Microwave power incident to the blimp surface v/as assumed to be 
37 W/ft . As shown in Figure 11.19, doubling the amount of incident 
power reduces the volume by about 20 percent. If the incident power 
was reduced by about 50 percent, the volume would need to be increased 
by about 80 percent. For the beam power levels shown in the figure, 
the conventional blimp planform provides more than twice the area 
needed for rectenna. 
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11.2.1.5 Structural Weight Fraction 



Volume. V X lO"®. ft® 


Structxiral Treight Imctlon 
.33 
.40 
.50 


Figure 11.20 - Effect of structural weight fraction on 
microwave-poivered HAAP blimp size. 

The structural weight fraction of 0.33 determined to be repre- 
sentative of near-term superpressure blimp construction, and used in this 
study, was applied to all blimp concepts regardless of their propulsion 
system. Because the microwave- powered HAAP blimp is relatively small, 
a more conservative weight fraction might be appropriate. Figure 11.20 
indicates that if 50 percent of the total weight (excluding the weight 
of the lifting gas) were structural, the HAAP would increase in volume 
by about 80 percent. However, it v/ould still be a relatively small 
vehicle less than 300 ft in length. 
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11.2.1.6 Payload Weight 


Payload •weight, lb 
100 
500 
1000 


W 0 .4 .8 

Volume. V X 10"®, ft® 

Figure 11.21 - Effect of payload weight on 
microwave-powered HAAP blimp size. 

Unlike the solar cell powered blimp, the payload is a significant 
fraction of the total weight of the microwave-powered blimp; therefore, 
the volume of the microwave- powered HAAP blimp is very sensitive to 
payload weight. Figure 11.21 shows that increasing payload weight from 
100 lb to 1000 lb requires a blimp with about four times the volume of 
the baseline blimp. 
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11.2.1.7 Helium Gas Fraction 


Helium gas fraction 
l.QO 
.95 
.90 


H 0 .4 .0 

Volume. V X 10"“. ft'’ 

Figure 11.22 - Effect of helium gas fraction on 
microwave-powered HAAP blimp size. 

Figure 11.22 shows that reasonable variations in the purity of the 
helium used as a lifting gas result only in small changes in blimp size. 
11.2.1.8 Suporpressure 


Supsrpressure, Ib/ft^ 
2.5 
5.2 
10.0 


M 0 .4 .8 

Volume, V X 10*^, ft'’ 

Figure 11.23 - Effect of design superpressure on 
microwave-powered' HAAP blimp size. 
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Figure 11.23 shows that reasonable changes in HAAP blimp super- 
pressure have an Insignificant effect on size and feasibility. 

11-2.2 General Remarks 

A microwave-powered HAAP blimp can be relatively small in size, 
about the same size as a Goodyear blimp. There appears to be ample area 
in or on a conventionally configured blimp to house the required 
rectenna. With the exceptions of drag coefficient and payload weight, 
reasonable parametric variations had little effect oh concept size or 
feasibility. Larger values for both drag coefficient and payload weight 
would result in a larger blimp, but the increase in size would not sig- 
nificantly compromise the feasibility of the concept. 

11-3 NUCLEAR-POWERED CONCEPT 

The technology status of radioisotope thermonuclear generators and 
of nuclear reactor propulsion systems was discussed in detail in 
Chapter 6. Because of the uncertainty of the weights and power of these 
systems, especially with crashworthy shielding designed to provide 

environmental protection, the nuclear-powered HAAP blimp was analyzed 
parametrical ly. 

Figure 11.24 illustrates the effect of propulsion system weight on 
the size of a nuclear-powered HAAP blimp. This figure Indicates that 
theoretically, for a given nuclear propulsion system weight (character- 
ized in terms of specific power, i.e., 10 H/lb) there is a blimp size 
that will accommodate that system. There is, of course, a practical 
limit to the construction size of such a vehicle. If a 20-W/lb nuclear 
system could be achieved, including radiator and shielding weights. 
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Figure 11.24 - Effect of propulsion system weight on 
nuclear-powered HAAP blimp size. 

Figure 11.24 shows the HAAP blimp would have a volume of about 

3 

23 million ft . Table 11.4 summarizes the characteristics of a nuclear- 
powered HAAP blimp with a 20-W/lb propulsion system. 

If the weights shown in Table 11.4 could be achieved safely, and 
without regulatory restraints, the nuclear-powered blimp would be the 
most flexible of the blimp concepts considered for performing the HAAP 
missions. Like the microwave pov/ered blimp, the nu cl ear- powered vehicle 
could have a conventional single-body design; however, it could operate 
anyv/here without the necessity of being close to a ground transmitter. 
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TABLE- n. 4 - SUMMARY CHARACTERISTICS OF A 20-WATT PER POUND 
NUCLEAR-POWERED HAAP BLIMP 


Design conditions: 


Altitude, ft 
Cruise airspeed, ft/s 
Maximum airspeed, ft/s 
Stored energy, h 
Payload power, W 
Payload weight, lb 
Structural weight fraction 
Cruise drag coefficient, Cq 

70,000 

50 

140 

0 

1,000 

100 

0.33 

0.035 

Motor size, hp 
Weights, lb 

1,158 

Propeller 
Motor-gear 
Payl oad 

Nuclear system 
Battery system 
Power processing system 
Structure 
Total weight 

232 

1,507 

100 

49,989 

0 

3,473 

27,238 

82,539 

Gas mass, lb 

19,536 

Blimp dimensions: 


Volume X 10“^, ft^ 

Maximum diameter, ft 
Length, ft 

Reference (planform) area, ft^ 

23 

239 

1,195 

185,500 

Cruise Reynolds number 

27,900,000 

Daily energy required, kW-h 

1,118 
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CHAPTER 12‘ 


HAAP AIRPLANE FEASIBILITY AND ANALYSIS 

The idea of using a remotely piloted airplane to perform a variety 
of long-duration missions at very high altitudes has been discussed in 
the technical literature. Propulsion systems proposed for this High- 
Altitude Aircraft Platform (HAAP) have been based on the use of solar or 
microwave power. Some feasibility studies have been conducted on the 
use of each of these propulsion systems in a HAAP airplane, but a 
detailed comparison has not previously been published. The present 
analysis compares the relative feasibilities of solar-voltaic and 
microwave-powered HAAP airplane concepts using technologies appropriate 
to each concept that should be available within the next 5 to 7 years. 

In addition, a nuclear-powered HAAP vehicle has also been analyzed, but 
in less detai 1 . 

The HAAP airplane is to operate continuously over the United States 
at an altitude of 70,000 ft, and it must withstand environmental varia- 
tions in the weather due to seasonal changes. The operational environ- 
ment, as well as the technologies essential to a HAAP airplane, have been 
discussed in previous chapters. Chapter 10 includes a summary of the 
technology assumptions and a brief discussion of the airplane design 
philosophy of flying as close as possible to minimum power conditions. 

The sizes of HAAP airplanes powered by solar-voltaic and by micro- 
wave power that might be technically feasible with a 100-lb payload are 
illustrated in Figure 12.1. 


144 





V/ing span, b, ft 


HAAP airplane concept 
Solar poyrered 
Microwave powered 


Figure 12.1 - HAAP airplane sizes. 

12.1 SOLAR-POWERED CONCEPT 

Figure 12.1 indicates that, frorn a weight analysis viewpoint, a 
solar-powered HAAP airplane would have -a span of about 240 ft. The con- 
cept is sized to operate on days with only 8 hours of sunlight, which is 
about the smallest average number of daylight hours that would be 
encountered over the United States each year, and which constitutes the 
most severe operational case. During the daylight hours, the airplane 
IS powered by solar cells mounted on its surfaces. During the 16 hours 
of darkness, the airplane is powered by a regenerative fuel cell system 
which is "charged" during the day. Table 12.1 summarizes some of the 
specific characteristics of this solar-powered HAAP airplane concept. 

Note in Table 12.1 that it was necessary to increase the wing aspect 
ratio to 30 in order to obtain a feasible weight solution. A feasible 
design which performed the HAAP mission and used near-term technologies 
could not be obtained using an aspect ratio 20 wing. The structural 
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TABLE 12.1 - SOLAR-VOLTAIC POWERED HAAP AIRPLANE 
SUMMARY CHARACTERISTICS 


Design conditions: 

Altitude, ft 70,000 
Cruise airspeed, ft/s 140 
Design airspeed, ft/s • ^ 140 
Incident energy flux, W/ft^ 111 
Solar cell efficiency 0.16 
Stored energy, h 16 
Payload power, W 1000 
Payload weight, lb 100 
Structural v/eight fraction 0.20 

Airplane performance parameters: 

Cruise lift coefficient, C[_ 1.50 
Cruise drag coefficient, Cg 0.038 
Motor size, hp 30 

Weights, lb 

Propeller 6 
Motor-gear ' 39 
Payload 100 
Solar cell 580 
Fuel cel 1 system ' 2294 
Pov/er processing system 107 
Structure 781 
Total v/eight 3907 

Airplane geometry: 

Aspect ratio 30 
Span, ft „ 240 
Wing planform area, ft'^ 1920 
Solar cell area, ft^ 8281 

0 

Wing loading, Ib/ft 2.0 
Cruise Reynolds number 500,000 
Daily incident energy required, kW-h 1070 
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weight fraction was increased to 0.20 from the 0.17 baseline value in 
Table -10. 1 to meet the structural weight-wing area ratio reguirement of 
0.4 Ib/ft . The concept operates at a constant airspeed of 140 ft/s. 

A significant result is that this specific HAAP concept needs an area of 
solar cells which is more than four times the wing planform area. (This 
area includes a 10-percent redundancy factor for the cells-.) Although 
this is not an optimized concept, it is sufficiently close to one to 
recognize that this important solar cell area characteristic cannot be 
readily overcome. Figure 12.2 illustrates what a solar-voltaic HAAP 
might resemble conceptually. The solar-panel shown in the figure is 
analogous to a flat plate, and is not intended to provide lift, although 
there would.be obvious weight and drag penalties. 



Figure 12.2 - An unconventionally configured solar-powered 
HAAP airplane concept. 


This analysis can be compared with that performed by Phillips 
(ref. 7) for solar-powered aircraft which must operate in up to 16 hours 
of darkness. Phillips' study considered flight at 70,000 ft for air- 
planes of aspect ratio 20 and 30, but confined the location of the solar 
cells to the wing planform. In limiting the solar cells to the wing 
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planform area, the resultant wing loading was about 0.83 Ib/ft^. 

Phillips assumes that the solar cells are kept normal to the rays of the 
Sun, which can be accomplished by the concept in Figure 12.3 by tilting 
the solar panel. A solar-powered airplane concept proposed by Phillips 
is presented in Figure 12.3. 



Figure 12.3 - A cruciform wing solar-powered airplane concept. 

Phillips' cruciform wing concept permits banking the aircraft to 
maintain the solar cells perpendicular to the Sun line (the dashed lines 
in Fig. 12.3 indicate wire bracing). The true airspeed of this concept 
at 70,000-ft altitude is, at best, about 80 ft/s which is about 60 per- 
cent of the airspeed required to maintain station in performing the 
year-around HAAP mission. 

12.1.1 Parametric Variations 

The feasibility of a solar-powered HAAP airplane concept is subject 
to change with changing technology assumptions. The following discussion 
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Ts presented to indicate the sensitivity of that feasibility with a few 
of the more important assumptions. 

12.1.1.1 Design Airspeed 


Design airspeed, ft/s 
140 
100 
50 


Figure 12.4 - Effect of design airspeed on solar-powered 

HAAP airplane size. 

The effect of design airspeed on the size of a solar-powered HAAP 
airplane is shown in Figure 12.4. Lower design airspeeds result in 
larger aircraft with little beneficial change in the ratio of solar cell 
area required to wing area available. 
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12.1.1.2 Maximum Operating Lift Coefficient 
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Figure 12.5 - Effect of maximum operating lift coefficient 
on solar-powered HAAP airplane size. 

Figure 12.5 indicates that, if airfoil development was to provide 
an airfoil capable of operating up to a of 2.0, there would be 
negligible change in the span from the airfoil with C, „„ = 1,50. 

L 5 iTIq X op 

This is because the baseline aspect ratio 30 airplane wants to fly at 
Cl = 1.55 for minimum power flight. Limiting the 1,55 value of Cl 
to 1.50 has little impact; however, limiting CL^^iax op changes 

the span to about 340 ft, a 40-percent increase in span. A HAAP 
designed to operate at Cl = 1.00 as compared to 1.50 reduces the 
solar cell area required to about 2.5 times from about 4.3 times the 
wing area; however, the airplane weight increases from 3900 to about 
5200 lb. 
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12.1.1.3 Profile Drag Coefficient, Cq^O 


Drag coeffioient, 
.005 
.010 
.015 


0 200 400 
Wing span, b, ft 

Figure 12.6 - Effect of drag coefficient on 
solar-powered HAAP airplane size. 

If the baseline profile drag coefficient assumed for this study 
^ 0-010) could be reduced to 0.005, the resultant HAAP airplane 
span (Fig. 12.6) would be reduced about 33 percent and the airplane 
would weigh about 65 percent less. The smaller airplane would still 
need more than tvn’ce the wing planform area for solar cells. A C 

D 5 0 

of 0.015 results in an exceptionally large vehicle. 
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12.1.1.4 Propeller Efficiency 



^ 0 200 400 
Tiring span, b, ft 


Propeller efficiency 
.90 
.85 
.80 


Figure 12.7 - Effect of propeller efficiency on 
solar-powered HAAP airplane size. 

Figure 12.7 shows that relatively small changes in the propeller 
efficiency can significantly affect the design of a solar-powered, HAAP 
airplane. A propeller efficiency of 0.90 (where the baseline efficiency 
was 0.85) can reduce the span from 240 ft to 185 ft and vehicle weight 
from 3900 to 2300 lb. A propeller efficiency of 0.80 results in a 
400-ft span, 11,000-lb vehicle. The propeller efficiency has little 
effect on the ratio of solar cell area to wing planform area. 
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12.1.1.5 Solar Cell Efficiency 



TTiug span, b, ft 


Solar cell elfiolenoy 
.20 
.10 
.12 


Figure 12.8 - Effect of solar cell efficiency on 
solar- powered HAAP airplane size. 

The operating efficiency of the solar cell array can significantly 
affect the HAAP airplane size. Sixteen-percent efficient cells were 
assumed in this study. Figure 12.8 shows that 20-percent efficient 
solar cells would result in a 2600-lb vehicle with a 195-ft wing span. 
The relative solar cell area needed is still quite large, 3.5 times the 
wing planform. 


153 



12.1.1.6 Incident Solar Power 



TTing apan, b, ft 


Incident solar power, ¥/ft* 
127 
111 
100 


Figure 12.9 - Effect of incident solar power on 
solar-powered HAAP airplane size. 

One assumption in this study is that the energy from the Sun inci- 
dent to the solar cells would average about 111 W/ft^. This value 
includes the Sun declination angle, which varies considerably over the 
year as well as misalignment due to maneuvering while in flight. As 
shown in Figure 12.9 if a value of 100 W/ft^ were assumed, the span 
would increase to about 280 ft and the weight to about 5300 lb which 
may be compared to the baseline value of 111 W/ft^ and the resultant 
240-ft span, 3900-lb aircraft. The value of 127 W/ft^ represents about 
the maximum possible incident energy and results in a 2900-lb aircraft 
with a 205-ft span. With 127 W/ft^ incident on the airplane, 3.8 times 
the available wing area is required for solar cells. 
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12.1.1.7 Fuel Cell Weight 



TTing span, b, ft 


Fuel cell weight* W-h/lb 
300.0' 

171.6 

100.0 


Figure 12.10 - Effect of fuel cell weight on 
solar-powered HAAP airplane size. 


Current estimates of regenerative fuel cell system weights vary 
widely since these systems are in an early stage of development. The 
171.6 W-h/lb system used in this study is thought to be representative 
of this device when introduced into operation for an 8-hour charge, 
16-hour discharge cycle. Figure 12.10 shows that a 300 W-h/lb system 
would reduce the HAAP airplane substantially, to a 100-ft span, 700-lb 
aircraft. The weight of the fuel cell system is reduced from about 
2300 lb in the baseline configuration to about 300 lb. The solar cell 

area needed on the smaller aircraft is about 5 times that available on 
the wing planform. 
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12.1.1.8 Structural Weight-Wing Area Ratio 
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Figure 12.11 - Effect of structural weight-wing area ratio 
solar-powered HAAP airplane size. 

The ratio of the structural weight to wing area is an important 
constraint on the design of the HAAP vehicle. In sizing the vehicle, 
weight is added to the structure until the ratio requirement is met or 
slightly exceeded. The 0.4 Ib/ft value used in this study is thought 
to be reasonable with the use of advanced construction techniques and 
high-strength ultra-lightweight materials. If unforeseen technological 
advances permit a 0.2 Ib/ft^ flight vehicle (Fig. 12.11), it could be 
as small as 195 ft span and weigh about 2600 lb. If a more detailed 
structural analysis led to greater structural weight (i.e., 0.60 Ib/ft^), 
the size would increase considerably. 
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12.1.1.9 Payload Weight 



Wing span, b, ft 


Payload weight, lb 
100 
500 
1000 


Figure 12.12 - Effect of payload weight on 
solar-powered HAAP airplane size. 

If a heavier payload was required, the HAAP would increase in size. 
Figure 12.12 shows that a 500-lb payload requirement would result in a 
400-ft span vehicle weighing about 11,000 lb. 

12.1.1.10 Aspect Ratio 


Aspect ratio 
20 
30 
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« 0 200 400 

Wing span, b, ft 

Figure 12.13 - Effect of aspect ratio on 
solar-powered HAAP airplane size. 
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Figure 12.13 shows the effect of wing aspect ratio on the HAAP 
airplane size with the Oswald's airplane efficiency factor held at a 
constant value of 0.85. In practice, increasing aspect ratio, on an 
otherwise fixed configuration, decreases the Oswald efficiency. A 
solar-powered HAAP of reasonable wing span would need a wing aspect 
ratio near 30. If it were possible to build an aspect ratio 40 aircraft 
using the technology assumptions of this study. Figure 12.13 shows that 
the wing span could be reduced to about 153 ft and vehicle weight to 
about 1200 lb. However, the concern about excessive solar cells would 
not be reduced; 4 times the wing planform area would be required. 
12.1.1.11 Oswald's Airplane Efficiency Factor 
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Figure 12.14 - Effect of Oswald's airplane efficiency factor 
on solar-powered HAAP airplane size. 


An Oswald's airplane efficiency factor (e) of 0.85 was assumed for 
an aerodynamical ly refined flight concept with a wing aspect ratio (A) 
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of 30. The product of aspect ratio and e may be considered as an 
effective aspect ratio in the following equation: 

(8.9) 

where 

Cq total drag coefficient 

^D,0 profile drag coefficient 

A wing aspect ratio 

e Oswald's airplane efficiency factor 

It is readily seen in the equation that as the eA term increases, the 
total drag coefficient decreases. With A held constant at 30 
(Fig. 12.14), the airplane size varies from about a 195-ft span to a 
370-ft span vehicle as the Oswald's efficiency factor changes from 0.90 
to 0.80, respectively. The relative solar cell area required is essen- 
tially unchanged. 

12.1.2 General Remarks 

A primary concern in the design of a solar-powered HAAP airplane is 
the excessive area needed for the solar cell arrays. The general design 
philosophy used in this study is to design the aircraft to fly at minimum 
power. This design philosophy provides a smaller vehicle, but does not 
provide for minimizing the amount of excess solar cells. The minimal 
amount of excess solar cells, that is, minimizing the required cell area 
to wing area ratio, is obtained when this HAAP is designed to operate at 
a lift coefficient of approximately 1; however, the resulting airplane 
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concept is quite large, with a span of about 340 ft and weight of about 
5200 lb. The associated cell area-wing area ratio is about 2.5. 

The solar-powered aircraft could meet the requirements of housing 
all the needed solar cells on the wing (with 10 percent redundancy) if 
it would fly with 24 hours of sunlight. Its airspeed would be about a 
constant 120 ft/s, which is slightly less than that required for the 
HAAP mission scenarios. The corresponding span would be about 65 ft, 
and without any need for energy storage, it would weigh about 200 lb. 

An important footnote to the analysis of solar-powered HAAP air- 
planes is that when attempting to confine the required solar cell area 
to that of the combined wing and tail planform, decreasing the number 
of daylight hours must be generally compensated by reducing the 
airspeed. 

12.2 MICROWAVE-POWERED CONCEPT 

Figure 12.1 indicates that a microwave-powered HAAP airplane would 
have a vn’ng span of about 50 ft. The concept is sized to operate 
entirely on rectified microwave power that is continuously beamed to the 
aircrafti and requires no stored energy in its operation. Table 12.2 
summarizes some of the HAAP microwave-powered airplane characteristics. 

The microwave-powered HAAP operates at a constant 140 ft/s and 
needs about 90 percent of the wing planform for rectenna installation 
(including 10 percent redundancy). Note in Table 12.2 that a structural 
weight fraction of 0.24 was needed to meet the structure weight-wing 
area requirement of 0.4 Ib/ft^. A microwave- powered HAAP might resemble 
a conventional sailplane as illustrated in Figure 12.15. 
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TABLE 12.2 - MICROWAVE-POWERED HAAP AIRPLANE 
SUMMARY CHARACTERISTICS 


Design conditions: 

Altitude, ft 
Cruise airspeed, ft/s 
Design airspeed, ft/s 
Incident energy flux, W/ft^ 
Rectenna efficiency 
Stored energy, h 
Payload power, W 
Payload weight, lb 
Structural weight fraction 

Airplane operating parameters: 

Cruise lift coefficient, C. 
Cruise drag coefficient, Cq 
M otor size, hp 

Weights, lb 

Propeller 

Motor-gear 

Payload 

Rectenna 

Battery system 

Power processing system 

Structure 

Total weight 

Airplane geometry: 


Aspect ratio 
Span, ft 

Wing planform area, ft^ 

Rectenna area, ft^ 

Wing loading, Ib/ft^ 

Cruise Reynolds number 

Daily incident energy required, kW-h 


70,000 

140 

140 

37 

0.80 

0 

1000 

100 

24 


1.27 

0.040 

2 


2 

4 

100 

4 

0 

24 

41 

173 


20 

45 

101 

93 

1.7 

150,000 

60 
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Figure 12.15 - A microv\/ave-powered HAAP airplane concept. 

This concept resembles that proposed by Heyson (ref. 8) for a 
microwave sailplane which operated in a powered-unpowered flight mode in 
performing selected HAAP missions. Heyson employed an aspect ratio 30 
wing and had a heavier payload (1100 lb), resulting in a 190-ft span, 
3500-lb vehicle. 

12.2.1 Parametric Variations 

The feasibility of a microwave-powered HAAP airplane concept is 
subject to change with changing technology assumptions. The following 
discussion is presented to indicate the sensitivity of that feasibility 
to a few of the more significant assumptions. 
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12.2.1.1 Maximum Operating Lift Coefficient 
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Figure 12.16 - Effect of maximum operating lift coefficient 
on microwave- powered HAAP airplane size. 


An aspect ratio 20 airplane with a of 0.010 if designed for 

minimum power flight, wants to fly at a Ci_ of 1.27. The maximum 
operating lift coefficient of 1.50 assumed for this study permits a 
minimum power design concept. As shown in Figure 12.16, if maximum 
operating lift coefficient is limited to a value less than 1.27, the 
HAAP airplane span and weight increases. A op ol" 1 -00 results 

in a 55-ft span, 200-lb vehicle. A of 0.75 results in a 

70-ft span, 240-lb HAAP airplane. 
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12.2.1.2 Profile Drag Coefficient, Cp^O 



Drag coefficient, Cj,<) 
.005 
.010 
.015 


Figure 12.17 - Effect of profile drag coefficient on 
microwave -powered HAAP airplane size. 

Changes in profile drag coefficient indicate that as this drag 
value increases, the wing span decreases. Equation (10.1) (page 100), 
which governs minimum-power flight, explains the behavior. 


Cl = v/3 AeCji d (10.1) 

where 

A wing aspect ratio 

e Oswald's airplane efficiency factor 

Cq q profile drag coefficient 

Profile drag coefficients of 0.005, 0.010, and 0.020 lead to C^^ 
values of 0.90, 1.27, and 1.50 (Ci „,„), respectively, for the aspect 

L 5 nia X 

ratio 20 concept-. For the same lifting capability, the lower Cl 
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value requires more wing area, and correspondingly, more span. The 
span increases shown in Figure 12.17 (with decreases in Cq q) are 
associated with increases in vehicle weight from about 170 lb to about 
195 lb. The effect of Cq^q on the required rectenna area is far more 
important. The ratio of rectenna area-wing planform area is about 0.5 
for = 0.005, 0.9 for = 0-010’ and 1.3 for = 0.020. 

The 10-percent rectenna redundancy factor is included in this analysis. 
Thus, for values much greater than 0.010, area in. addition to the 

wing planform must be used to locate .the rectenna. 

% 

12.2.1.3 Propeller Efficiency 


Propeller efficiency 
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Figure 12.18 - Effect of propeller efficiency on 
microwave-powered HAAP airplane size. 

As shown in Figure 12.18, reasonable changes in propeller efficiency 
have negligible impact on the concept span or weight. The decrease in 
efficiency requires a larger percentage of the wing for very lightweight 



ITing span, b, ft 
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rectenna. A propeller efficiency of 0.90 requires about 89 percent of 
the wing planform for rectenna, whereas an efficiency of 0.80 requires 
about 95 percent. 

12.2.1.4 Rectenna Efficiency 
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Figure 12.19 - Effect of rectenna efficiency on 
microwave- powered HAAP airplane size. 


Figure 12.19 shows that reasonable changes in rectenna efficiency 
have negligible effect on the HAAP airplane span or weight. Reductions 
in rectenna efficiency increase the rectenna area required. A rectenna 
conversion efficiency of 0.80, for example, leads to using about 92 per- 
cent of the wing planform for rectenna. An efficiency of 0.70 requires 
about 5 percent more area for rectenna than is available on the wing. 
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12.2.1.5 Incident Microwave Power 



Wing span, b, ft 


Incident microiraTe power, ¥/ft* 
74 
37 
18 


Figure 12.20 - Effect of incident microwave power on 
microwave-powered HAAP airplane size. 

Figure 12,20 shows that if the microwave energy incident to the 
HAAP airplane were doubled (74.0 W/ft^) or about halved (18.0 W/ft^) 
from the 37.0 W/ft baseline value used in this study, the impact on 
vehicle span and weight would be small. For example, an 18.0 W/ft^ beam 
increases vehicle weight by about 10 lb to a 180-lb vehicle. The effect 
incident power has on required rectenna area is more dramatic. A 
74 W/ft beam needs less than half of the wing planform for rectenna, 
whereas an 18 W/ft beam requires about 85 percent more area for 
rectenna than is available on the wing. 





Vinfi span, b, ft 

Figure 12.21 - Effect of structural weight-wing area ratio 
on microwave-powered HAAP airplane size. 

Figure 12.21 shows that the structural weight-wing area requirement 
has relatively little impact on the HAAP airplane feasibility. If cur- 
rent construction technology, which requires about 0.6 Ib/ft^ was used, 
the HAAP airplane would be about 50 ft in span and weigh about 210 lb. 
12.2.1.7 Payload Weight 
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Figure 12.22 - Effect of payload weight on 
microwave-powered HAAP airplane size. 
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A microwave- powered HAAP airplane designed for a heavier payload 
would, of course, be larger. Figure 12.22 shows that designing for a 
500-lb payload would result in a 95-ft span, 750-lb vehicle. A 1000-lb 
payload design would result in a 130-ft span HAAP weighing about 
1450 lb. Because of the relatively small size of the vehicle, payload 
weight has a major impact on gross weight. 

12.2.1.8 Aspect Ratio 
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Figure 12.23 - Effect of aspect ratio on 
microwave-powered HAAP airplane size. 

Figure 12.23 shows the effect of wing aspect ratio on the microwave 
powered HAAP airplane span while holding the Oswald efficiency constant 
at 0.85. Increasing aspect ratio from 20 to 30 results in slightly 
greater wing span {4 ft), and somewhat less weight {9 lb) and planform 
area (21 ft ). The reduction in wing area due to improved aerodynamic 
performance also reduces the area available for rectenna. Thus, the 
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aspect ratio 30 configuration requires 100 percent of the planform for 
rectenna. In contrast, the aspect ratio 10 concept is about 30 lb 
heavier than the baseline (aspect ratio = 20) concept with about 67 ft^ 
more planform. This results in more than ample area for rectenna; only 
76 percent of the planform is required for the rectenna. 

12.2.1.9 Oswald's Airplane Efficiency Factor 
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Figure 12.24 - Effect of Oswald's airplane efficiency factor 
on microwave-powered HAAP airplane size. 


As shown in Figure 12.24, reasonable variation in Oswald's airplane 
efficiency has little effect on the microwave- powered HAAP airplane. 

Span remains the same, within a few feet. Weight remains the same 
within a few pounds. The rectenna and wing planform area vary somewhat, 
but' the wing planform always provides at least 5 percent more area than 
required to house the rectenna. 

12.2.2 General Remarks 

The feasibility of a microwave-powered HAAP is relatively insensi- 
tive to reasonable variations in parameters, with the obvious exception 
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of payload weight. The primary design concern with varying some param- 
eters is that the area required for housing the rectenna may exceed the 
wing area. For the few conditions when excessive rectenna area would 
be required, the excess appears sufficiently reasonable that the addi- 
tional rectenna could be located on the fuselage and tail surfaces with- 
out unduly compromising the design. 

Design of a microwave-powered HAAP airplane for heavier, but still 
reasonable, payloads also appears feasible with no special concerns 
associated with the heavier payloads. 

12.3 NUCLEAR-POWERED CONCEPT 

The technology status in nuclear power systems possibly suitable 
for HAAP propulsion was discussed in detail in Chapter 5. Some litera- 
ture surveyed on this subject indicated, but did not specify, that per- 
haps the technology in radioisotope thermoelectric generator (RTG) 
systems might be more advanced than the published (unclassified) litera- 
ture indicates. Because of this uncertainty and because the unclassified 
literature indicated near-term technologies incapable of providing a 
feasible aircraft, the nuclear-powered HAAP concept was analyzed 
parametrically. 

Figure 12.25 indicates that an aspect ratio 20 airplane capable of 
performing the HAAP mission must have a nuclear system specific power 
approaching 15 W/lb. The value for system specific power contains all 
components of the nuclear system, including radiator and shielding. 
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Figure 12.25 - Effect of propulsion system weight on the 
feasibility of a nuclear-powered HAAP airplane. 

Table 12.3 summarizes the characteristics of a nuclear-powered HAAP 
airplane contingent on a 15 W/lb nuclear propulsion system. 

Theoretical ly, an aspect ratio 30 airplane could perform the HAAP 
mission with a nuclear system specific power of 10 W/lb. This airplane 
would have a wing span of about 180 ft and would weigh about 2200 lb. 

In performing HAAP missions, the nuclear-powered concept would be 
the most flexible of the propulsion systems discussed. It would share 
the advantage of the microwave system in that it would not require 
batteries. In addition, its operation would not require proximity to a 
ground station. If the systems weights could be achieved, and if it • 
could be done safely and without regulatory restraints, this would be 
the optimum system. 
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TABLE 12.3 - SUMMARY CHARACTERISTICS FOR A 15-WATT PER POUND 
NUCLEAR-POWERED HAAP AIRPLANE CONCEPT 


Design conditions: 

Altitude, ft 
Cruise airspeed, ft/s 
Design airspeed, ft/s 
Stored energy, h 
Payload power, W 
Payload weight, lb 
Structural weight fraction 

Airplane operating parameters: 

Cruise lift coefficient. Cl 
C ruise drag coefficient, Cr, 
Motor size, hp 

Weights, lb 

Propeller 

Motor-gear 

Payload 

Nuclear porpulsion system 
Power processing system 
Structure 
Total weight 

Airplane geometry: 

Aspect ratio 
Span, ft 

Wing planform area 
Wing loading, Ib/ft^ 

Cruise Reynolds number 
Daily energy required, kW-h 


70,000 

140 

140 

0 

1000 

100 

0.24 


1.27 

0.038 

12 


2 

15 

100 

746 

54 

290 

1207 


20 

120 

720 

1.7 

390,000 

269 
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CHAPTER 13 


LAUNCH CONSIDERATIONS 

The current study has placed considerable emphasis on the feasi- 
bility of operating a remotely piloted, high-altitude aircraft platform 
(HAAP) in a year-around, 70,000-ft altitude environment. Primary 
emphasis has been on operation at the design altitude; however, there are 
constraints in low-altitude operation which affect the launch and climb 
to design altitude. A brief discussion of methods for launching the HAAP 
to operating altitude is now provided. 

13.1 BLIMPS 

At launch, the blimp envelope is almost empty; yet, at operational 
altitude it is fully inflated and pressurized. Methods proposed in the 
literature to accomplish this transition are similar in technique. The 
fundamental procedures common to the launch of a superpressure blimp are 
discussed by Eney in reference 109 (which also includes some photographs 
of blimp model deployment tests). Figure 13.1 simpl istical ly illustrates 
in five steps this deployment technique. 

In step 1 (Fig. 13.1) the amount of helium needed for full, super- 
pressured inflation at 70,000 ft is encapsulated in a bubble in the 
stern end, and contained by a reefing collar. The whole HAAP blimp 
system slowly lifts until at an appropriate point (step 2) the reefing 
collar is jettisoned, and the entire unit is allowed to rise freely. As 
it rises in altitude, the helium expands (step 3) to fill the entire 
shape (step 4) and reach equilibrium at 70,000 ft (step 5). At 
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( 1 ) 


( 2 ) 


(3) 





40,000 ft altitude 

Expanding helium 
inflates hull 


(4) 



60,000 ft altitude 


(5) 



Figure 13.1 - A superpressure blimp launch sequence. 
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70,000 ft the fins would unfurl and mission operations would 
begin. 

It should be noted that Figure 13.1 illustrates a fundamental 
launch process for superpressure blimps, and that some modifications 
(with considerable thought in its detailed design) may be required to 
facilitate a specific propulsion system. A microwave-powered concept, 
for example, might employ a collapsible rectenna system that is verti- 
cally mounted and extends the entire length within the blimp envelope. 

It might begin its launch sequence with a modified version of step (2) 
in Figure 13.1. The rectenna would unfold as the envelope expanded with 
increasing altitude. Another suggestion for the launch of a microwave- 
powered blimp is to attach the rectenna to pressurized splines extended 
inside the envelope, so that collapsing the rectenna becomes unnecessary. 
In launching a solar-powered HAAP blimp, the specific techniques used 
v/ould be chosen to minimize possible damage to the solar cells. A 
nuclear-powered concept might be launched in accordance with Figure 13.1, 
since the propulsion unit would be housed in a rigid container either 
internal or external to the envelope. 

Variations of the fundamental launch scheme illustrated in Fig- 
ure 11.1 have also been proposed. Excess initial-helium inflation has 
been suggested to decrease ascent time (with no excess gas, ascent would 
take about 1 hour). Helium gas bleed-off would occur with altitude 
gain. To decrease ascent time, the no-excess-gas blimp concept could 
also be towed to higher altitudes by an airplane. 
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Rapid launch addresses the concern for the blimp drifting into the 
flight paths of other aircraft. Tethering could be used during the 
ascent phase at lower altitudes to prevent drift; however, because of 
its weight, the tethering line would have to be severed at some reason- 
able distance from the ground. The concern for excessive drift could be 
alleviated by using an airborne control station to guide the blimp into 
range of the ground control station. Excessive drift by a microwave- 
powered HAAP poses an additional concern since the power source, which 
is also ground-based, would also be out-of-range. The microwave-powered 
concept might necessitate an energy storage system, entailing additional 
weight for the batteries, to provide sufficient power to get within 
transmission range. This battery system could be expendable; that is, 
used only during critical launch phases and then ejected, but the asso- 
ciated ground hazard would appear to limit launch regions. It has also 
been suggested that weather balloons might be released prior to HAAP 
blimp launch to either indicate its launch path or to determine a 
desirable launch site. 

It appears that the successful launch of a HAAP superpressure blimp 
concept will require considerable design detail, and special packaging 
techniques depending on the propulsion system. Even if modifications to 
facilitate launch enlarges the baseline concept, its technical feasi- 
bility should not be jeopardized. 
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13.2 Airplanes 


The launch of a HAAP airplane poses different concerns than those 
for a HAAP blimp. The HAAP is designed to operate efficiently and per- 
form its missions at 70, 000- ft altitude, but may be launched and 
required to climb near sea level, where the atmospheric density is 
10 times that at the design condition. The following text discusses 
some concerns associated with the launch of HAAP airplanes with various 
propulsion systems. 

13.2.1 Solar-Powered 

The launch of a solar-powered HAAP airplane was not discussed in 
detail in the available literature. Parry (ref. 6, page 6) implies a 
conventional take-off, and for his design concept, sea level airspeed 
is limited to less than 12 ft/s. 

The current study indicates that airspeeds of about 80 ft/s can be 
achieved at sea level at a of about 0.3, if the design propeller 

efficiency of 0.85 is assumed. This assumption is questionable, however, 
since propeller efficiency is known to be a function of airspeed; that 
is, the propeller designed to operate at the HAAP operational airspeed 
of 140 ft/s could suffer substantial reduction in propeller efficiency 
when operating at lower airspeeds, such as 80 ft/s. The loss in pro- 
peller efficiency during launch could be a major factor in establishing 
launch methods since climb rates would also be reduced. Propeller 
efficiency relationships are discussed by Perkins and Hage (ref. 110, 
pages 147 to 150). Propeller efficiency, n , is a function of advance 

r 

ratio, J, and the relationship is illustrated in Figure 13.2. 
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0 

Figure 13.2 - Illustration propeller efficiency variation. 

Figure 13.2 illustrates an approximate propeller efficiency 
relationship where 

Op propeller efficiency 

J advance ratio, J = 

nd 

V airspeed (ft/s) 

n propeller rotational speed (revolutions/s) 

d propeller diameter (ft) 

Figure 13.2 indicates that maximum propeller efficiency occurs at 
the peak of the curve, the design condition. A reduction in airspeed, 
V, reduces advance ratio, J, and results in a corresponding decrease 
in propeller efficiency, Pp. Propeller rotational speed, n, could 
theoretically be adjusted to produce a J value to maintain high effi- 
ciency by using a variable speed gearbox; hov/ever, variable speed gear- 
boxes are complex and have found limited application'. 

Since the airplane may be susceptible to windspeeds of 50 ft/s or 
higher at low altitudes (see Fig. 3.2, page 13), which would probably 
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exceed the HAAP station keeping capability during climb, an appropriate 
launch day may need to be chosen to reduce this problem. If the air- 
plane drifts off-station during launch, an airborne control station 
could be used to guide the HAAP airplane to within ground-based signals 
after it has reached operational altitude. A method of towing the HAAP 
airplane to higher altitudes with, for example, an agricultural aircraft 
as suggested by Heyson (ref. 8, page 6) might be utilized even though 
Heyson specifically suggests this method for a microwave-powered HAAP 
airplane. It has also been suggested that an expendable, lightweight, 
non-rechargeable, battery system might be used for added power only dur- 
ing the launch phase and then jettisoned, but this method poses a ground 
hazard which VMOuld restrict launch near populated areas. 

Another concern during launch would be the aerodynamic loads on the 
panels which carry much of the required solar cell area (see Fig. 12.2, 
page 134). In addressing this concern, perhaps collapsible panels might 
be used that are folded during launch. A fully charged regenerative 
fuel cell system could provide the power for a nighttime launch. Upon 
reaching operational altitude, the solar panels would unfold, collecting 
the solar energy during the day to provide energy for flight and to 
recharge the fuel cell system. 

•13.2.2 Mi crowave-Powered 

Because the operational design of the microwave-powered HAAP air- 
plane receives its energy from a power beam and includes no stored 
energy, conventional take-off methods are not readily suitable. Heyson 
(ref. 8, page 6) suggests a microwave-powered HAAP might be towed by an 
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agricultural-type aircraft to altitudes near 10,000 ft where it would 
be released. The airplane would climb, using transmitted microwave 
power, until operational altitude is reached. The launch method pro- 
posed by Heyson is suitable for the current concept. The current con- 
cept would, however, be limited to a maximum airspeed of about 90 ft/s 

at 10,000-ft altitude at a Cl of 0.23 and a propeller efficiency 
of 0.85. 

Station-keeping during launch can be of primary importance for the 
current microwave HAAP concept design since power for flight is entirely 
dependent on the transmitted beam of microwave power. Additional power 
can be made available for the launch environment by modifying the 
current concept somewhat. The current design uses about 0.92 of the 
wing planform area for rectenna, and includes 10-percent redundancy. 

The remaining wing planform area, fuselage bottom surface, and hori- 
zontal tail surfaces could be used to house additional rectenna area. 

The minor increase in rectenna weight and a slightly heavier and more 
powerful motor add small increments to aircraft weight and span while 
providing a substantial increase in power (perhaps as much as 
40 percent). 

The use of an expendable, lightweight, non-rechargeable battery 
system for use only during launch and subsequently jettisoned also 
appears feasible, but the associated ground hazard would restrict 
launch near populated areas. 
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13.2.3 Nuclear-Powered 


Although a nuclear-powered HAAP airplane could take off conven- 
tionally, this current design is confronted with marginal power to 
simultaneously climb and combat low-altitude winds. This marginal 
power becomes a particularly critical concern when the prospect of 
reduced propeller efficiency, previously discussed for HAAP airplanes, 
is confronted. An oversized nuclear power system could be employed 
in the basic design which would be adequate to facilitate the launch 
environment, but would result in a larger aircraft. Perhaps an 
expendable lightweight, battery system, previously discussed, could be 
used only during the launch phase to provide the additional power 
required. In either case, the technical feasibility of a nuclear- 
powered HAAP airplane (which is contingent on a 15-W/lb propulsion 
system) does not appear to be jeopardized by launch considerations. 
13.2.4 General Remarks 

Common to the launch of any HAAP airplane concept is the apparent 
marginal climb performance in the low-altitude wind environment. The 
performance is attributed, in part, to an anticipated reduction in 
propeller .efficiency associated with lowering the flight airspeed. The 
marginal climb performance is also attributed to the large change in 
atmospheric density between the high (70,000 ft) altitude used for 
concept design, and the low (0 to 10,000 ft) altitudes associated with 
launch. Some methods discussed to facilitate launch include providing 
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sdditional powsr, which in turn, would moan a largor motor and groator 
airplane size. Those increases appear to be relatively small with 
little, if any, impact on the overall technical feasibility of the 
concept. 
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CHAPTER 14 


SOCIETAL CONSTRAINTS 


The current study was initiated on the premise that a High-Altitude 
Aircraft Platform (HAAP) would perform a variety of missions (see 
Chapter 2, page 10), and, correspondingly, provide a service to society. 
At the same time, society constrains all activities, including those 
proposed in this study, to conform to norms which provide an acceptable 
level of safety. It is society's perception of danger, not necessarily 
the real (as defined by technological experts) danger that governs. 
Because permissiveness in society is an ever-changing whim, the follow- 
ing discussion briefly addresses some current societal issues that might 
constrain or prevent HAAP development. 

14.1 HAAP AIRSPACE 

Although the proposed operational altitude of 70,000 ft is well 
above any civil air traffic anticipated for the reasonably near future 
(except, perhaps, supersonic transports), the HAAP would still be subject 
to societal regulation. The Federal Aviation Administration (FAA) regu- 
lates the use of this nation's (United States) airways. Any anticipated 
ruling by the FAA on the operation of an unmanned HAAP vehicle would, 
at this time, be speculative; however, it does not seem unreasonable 
that a HAAP might be allotted restricted or controlled airspace in which 
to operate. This type of airspace is currently allotted to military 
airports and to other selected sites, such as flight test ranges. 
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14.2 HAAP PROPULSION METHODS 


14.2.1 Solar Power 

Tho current public perception of solar power is that it is a cost- 
free source of energy without environmental problems, and that it should 
be exploited. The discussion in Chapter 4 indicates the global prospect 
of finding more practical uses for solar power. Solar-thermal systems 
are being used to heat and cool many homes and offices, but they were 
found unsuitable for a HAAP. Solar-voltaic devices are being used in 
toys, watches, and to provide power for an increasing number of devices 
in society. Solar-voltaic systems have also been used to provide power 
for several manned experimental aircraft. Perhaps the most notable was 
the 294-lb (with pilot) "Solar Challenger" airplane which performed day- 
time flights in both the United States and Europe during 1980 and 1981. 

At this time, there appears to be a favorable reaction toward the 
use of solar power for any purpose, including flight. 

14.2.2 Microwave Power 

Radio frequencies are routinely used in our society to transmit 
radio and television signals to the home and office. The higher radio 
frequencies, called microwaves, include UHF- television, radar, and 
satellite communication transmission frequencies. Although the afore- 
mentioned uses of microwave energy, as well as the use of microwave 
ovens, are generally acceptable in today's society, the effects of these 
transmissions on mankind and the surrounding environment is becoming 
an increasingly controversial issue. 
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14.2.2.1 Controversial Issues 


The singular most significant source of controversy over the use of 
microwave energy stems from the large discrepancies in the acceptable 
levels of human exposure as adopted by the United States and by Russia. 
Additional concern about microwave utilization eminates from books, 
published research studies^ and news media releases which highlight 
reported biological effects of microwave radiation. 

14.2.2.1.1 Safety standards 

Using references 111, 112, and 113 as data sources. Table 14.1 is 
presented to illustrate the large discrepancies in the United States and 
Russian views on microwave safety. 

The United States bases its environmentally safe level for microwave 
exposure on the thermal effects of microwave radiation on the human body; 
primarily, rises in body temperature due to microwave absorption. Russia 
bases its safe levels on the non-thermal effects of microwave radiation, 
typified by headache, dizziness, and loss of memory attributed to 
microwave absorption. Canada, which had previously accepted the U.S. 
guidelines as its standards, has recently adopted more stringent safety 
standards. 

For persons periodically exposed to microwave radiation, the North 
Atlantic Treaty Organization (NATO) standard uses the formula 

f = 6000 

P2 

where 

t permitted exposure time, in minutes, during any 1-hr period 

P power density in mW/cm^ 
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TABLE 14.1 - SUMMARY OF STANDARDS FOR HUMAN EXPOSURE TO MICROWAVE RADIATION 


Environment 

Country 

Frequencies, 

GH 

Average exposure, 
W/ft^ (mW/cm^) 

Duration, per day 

General public 

U.S. 

(& Western Europe) 

0.01-300 

9.3 (10) 

24 hr 


Canada 

0.01-300 

0.9 (1) 

24 hr 


Russia 

0.3-300 

0.0009 (0.001) 

24 hr 

Occupational 

U.S. 

(& Western Europe) 

0.01-300 

9.3 (10) 

8 hr 


Canada 

0.01 < 1 

0.9 (1) 

8 hr 



1-300 

’ 4.6 (5) 

8 hr 


Russia 

0.05-0.3 

0.009 (0.01) 

Work day-stationary antennas 



0.3-300 

0.09 (0.10) 

Work day-rotating antennas 








According to Lindsay (ref. Ill), the formula has a practical limitation 
of 50 mW/cm^ (46 W/ft^). 

It should be noted that according to references 111 (page 8) and 
113 (page 2-5), that the U.S. "standard" for human exposure to microwave 
radiation is actually a guideline since no specific enforcement or 
punitive actions are provided for violations. This guideline, as it 
applies to the popular microwave oven requires no more than 0.93 W/ft^ 

(1 mW/cm^) leakage at the time of manufacture, and no more than 
4.65 W/ft^ (5 mW/cm^) leakage thereafter (ref. Ill, page 5). This 
requirement is based on measurements about 2 in. (5 cm) from the oven 
surface; therefore, the whole-body human exposure due to leakage would 
be significantly less. 

The standards and guidelines shown in Table 14.1 generally reflect 
the scientific literature, which indicates that the environmental effects 
of microwaves are strong functions of both frequency and exposure time. 
The frequency generally considered for a HAAP power transmission system 
is 2.45 gigahertz (GH). 

14.2.2.1.2 Environmental effects 

There are many ongoing research activities to determine the bio- 
logical effects of microwave radiation. Reference 114 is a publication 
which summarizes these research activities, as well as highlights 
appropriate news items and meetings on the subject. Reference 115 pre- 
sents the results of a comprehensive review of papers on the biological 
effects of microwave radiation to determine the potential impact of a 
Solar Power Satellite (SPS) on biological and ecological systems. This 
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refGrencG discussGS spGcific biological studios ranging from cataracts 
to nervous system response to microwaves. Greenstone performed a 
similar study on environmental uncertainties relating to a HAAP which 
is reported in reference 116. The results of these studies are perhaps 
best characterized by a quotation from reference 117, another microwave 
biological effects study. "... The results of all experiments purport- 
ing to demonstrate a significant non-thermal biological effect have been 
disputed; in fact, very few experiments in the entire field have ever 
been replicated, a situation which should be rectified ..." 

The study of Broduer (ref. 118) is in marked contrast to the 
opinions reported in references 115 to 117 which argue that there. is 
little technical evidence to substantiate any claims of the detrimental 
effects of low level microwave radiation on the human body. Brodeur's 
book (ref. 118) created a media and public sensation in this country in 
1977, partly because it discussed and documented events surrounding the 
low level microwave bombardment of the American Embassy in Moscow, 

Russia. The Russians had been directing radiation at the Embassy to jam 
sophisticated American listening devices. The effects of the daily 
exposure of American Embassy personnel to these microwaves has resulted 
in a statistically high number of reported cases of dizziness, headaches, 
eye damage, and cancer (ref. Ill, page 8). 

The Embassy radiation had been monitored by the Defense Advanced 
Research Projects Agency (DARPA) which reported that the highest level 
was ". . . 18 microwatts . . ."per square centimeter (0.016 W/ft^). 

This DARPA reported value was contradicted by one member of the 
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investigative team who recalled that the maximum radiation in the 
Embassy was much higher, about 3.7 W/ft (4 mW/cm^). Regardless of which 
value is more accurate, they are both substantially lower than the 
current U.S. guideline of 9.3 W/ft (10 mW/cm^) for continuous public 
exposure. (See ref. 118, pages 116-118.) 

The exposure time of occupants of an airplane that might fly 
through a microwave beam would be limited to a few seconds (ref. 116, 
page 1-7). In addition, the metal surface of the airplane would shield 
the occupants from most of the radiation. The microwave transmission 
system could also be turned off before an aircraft traversed the 
beam. 

Greenstone's report, which summarizes a number of studies on the 
environmental concerns about microwave power transmission, indicates 
that HAAP microv/ave transmitters might interfere with communication 
transmissions (ref. 116, pages 1-6, 2-8, and 3-14). The microv;ave 
generators would produce some noise power outside the proposed 2.45 
(±0.05) GH transmission band; however, this should be a minor problem 
if the antenna systems are designed with particular attention to sup- 
pression of beam sidelobes. 

14.2.2.2 Public Perception 

The public perception of microwave radiation appears mixed. A 
negative connotation is often associated with the word "radiation." 

This is perhaps an association with memories of the World War II atomic 
bomb blast over Hiroshima, Japan, and the subsequent human devastation 
due to Gamma- and X-radiation. Gamma- and X-frequencies are highly 
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energized and are termed "ionizing radiation." Ionizing radiation 
behaves, in effect, like highly energized particles and excessive expo- 
sure is known to cause many adverse biological effects to humans, such as 
skin burns, genetic mutation, and cancer. Microwaves and the other radio 
frequencies contain far less energy, are termed "non-ionizing radiation," 
and characteristically behave like waves. Excessive exposure to radio 
frequencies (microwaves) can result in human body overheating, resulting 
in cell damage, and cataracts if the eye is exposed. The non-thermal 
effects of microv/ave radiation on the human body are controversial in 
Western society. Microwave radiation exposure standards have been 
previously discussed in the section on "Safety Standards." 

In contrast to the negative connotation of "microwave radiation," 
the current sales of microwave ovens indicate public acceptance of this 
device, even though they are sources of microwaves in the home. The 
microv/ave oven has become a relatively common household device even 
though Consumer Reports" (refs. 119 and 120), a popular consumer 
magazine had "not recommended" any microv/ave oven due to ". . . the lack 
of knowledge about the possibly hazardous effect of long-term low-level 
microwave radiation ..." 

The microwave oven saga illustrates that society weighs risks 
against benefits, and conditions itself to accept risk, or to negate 
the belief of risk, depending on the benefit which it perceives in 
return. The perceived benefit from the microwave oven, for example, is 
energy conservation and less cooking time (less time in the kitchen) 
relative to conventional cooking. 
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14.2.2.3 Microwave Transm i ssinn Station 

The microwave power transmission station would need a restricted 
zone around the transmitting antenna. Since some of the missions 
proposed for a HAAP would be performed near populated areas, the size 
of the required station might influence its societal acceptance. 

Table 14.2 illustrates some relative ground-based transmitting 
antenna characteristics compatible with the baseline microwave-powered 
HAAP concepts resulting from this study. 


TABLE 14.2 - SOME COMPARATIVE MICROWAVE TRANSMITTING 
ANTENNA CHARACTERISTICS 


HAAP 

concept 

Transmi ssion 
efficiency 

Antenna 
size, ft^ 

Average power 
density, W/ft^ 

Total transmitted 
power, W 

B1 imp 

0.80 

887,000 

0.081 

71,900 

(ai rplane) 


(14,804,000) 

(0.0003) 

( 4,300) 


0.60 

489,200 

0.196 

95,900 



(8,160,000) 

(0.0007) 

( 5,800) 


0.40 

278,900 

0.515 

143,800 



(4,653,000) 

(0.002) 

( 8,600) 


0.20 

107,800 

2.668 

287,600 



(1,798,000) 

(0.010) 

(17,200) 


0.10 

45,800 

12.55 

575,200 



(764,700) 

(0.045) 

(34,500) 


0.05 

18,400 

62.56 

1,150,000 



(306,700) 

(0.225) 

(68,000) 


0.016 

4,100 

871 

3,595,000 



(68,800) 

(3.13) 

(215,500) 


Table 14.2 is presented to provide a trade-off comparison between 
antenna size and total transmitted microwave power for this study's 
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baseline HAAP blimp and airplane concepts. The antenna sizes greatly 
determine the construction costs, whereas the total transmitted power 
influences the yearly operational costs. An additional parameter, 
average power density at the transmitter, can influence the perception 
of environmental safety. The baseline HAAP blimp and airplane have 
rectenna areas of 1554 ft^ and 93 ft^, respectively. Thirty-seven (37) 
W/ft^ of power is incident at the rectenna surface. As can be seen in 
Table 14.2, high transmission efficiencies mean low transmitted power, 
but large antenna areas. Low transmission efficiencies yield smaller 
antenna, but the transmitted and average power increase. The relation- 
ship between transmission efficiency, antenna size, and rectenna size 
is discussed in Chapter 5 (see Fig. 5.5, page 35). 

Table 14.3 (ref. Ill, page 40) is presented to provide a comparison 
of a HAAP transmission station power characteristic to transmitters 
which already exist in society. 


TABLE 14.3 - CHARACTERISTICS OF MICROWAVE SOURCES BY CATEGORIES 


Source 

Maximum power 
density, 
W/ft^ 

Near-field 

distance, 

ft 

Distance to 
9.3 W/ft2 
guideline, 
ft 

Satellite communication 




Earth terminals 

2 to 90 

300 to 20,000 

- 

Radars 




Search and tracking 
Air traffic control 
Aircraft weather 

11 to 744 
2 to 14 
27 to 76 

21 to 72 
61 to 102 
2 to 6 

32 to 364 
Out to 158 
7 to 16 

UHF-TV 

0.03 to 0.23 

- 

- 
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The "near-field distance" in Table 14.3 is the distance from the 
transmitter to where "maximum power density" was measured. The "distance 
to guideline" is the distance from the transmitter to where 9.3 W/ft^ was 
measured. By comparing the power density levels shown in Table 14.3 
with those in Table 14.2, it appears that a well designed HAAP microwave 
transmission station would pose no more a radiation safety concern than 
some facilities that already exist in society. 

This study will not attempt to determine the specific economics of 
the microwave-powered HAAP concepts developed or of the associated 
transmission stations, but some other studies have. Sinko (ref. 2) has 
considered these costs, which are summarized in Table 14.4. 


TABLE 14.4 - SINKO'S MICROWAVE HAAP COST ESTIMATES 


Costs 

Blimp ($M) 

Airplane ($M) 

Vehicle 


0.20 

Antenna/transmi tter 


2.40 

Annual 

0.47 

0.42 

(electricity) 

(0.06) 

(0.09) 


Sinko's HAAP blimp is 0.5 million ft^ in size. His HAAP airplane 

2 

has a 98-ft span, wing area of 1614 ft , and weighs 1788 lb. Sinko 
states that due to the uncertainty associated with his cost estimates, 
they should be used with caution. He does not specifically discuss 
antenna size, operating power, or operating efficiency for his microwave 
powered HAAP system. 
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In contrast to Sinko's somewhat cursory approach to microwave HAAP 
system costs, Brown (ref. 44, pages 2-1 to 2-11) provides a rather 
detailed analysis of HAAP microwave power transmission system costs. 
Brown derives cost relationship equations, and illustrates some selected 
antenna-rectenna systems sizes for minimum power transmission system 
costs. Estimates for some cost parameters, such as unit antenna con- 
struction costs, must be made. Brown indicates that minimum overall 
transmission costs occur when the transmission antenna costs and power 
costs are approximately equal. Brown also indicates that these minimum 
costs occur at very low transmission efficiencies. 

14.2.3 Nuclear Power 

The current public perception of nuclear power is generally very 
negative, that is, that it poses a threat to our society and to the 
safety of mankind. This is a widespread belief, in spite of a lack of 
statistical evidence to substantiate the belief. The current belief 
perhaps stems, in part, from war-time uses of nuclear power, and the 
devastating effect of the atomic bomb blast over Hiroshima, Japan, 
during World War II. The resultant "ionizing radiation" caused severe 
skin burns, genetic defects, and a high incident of cancer among the 
people exposed. 

Although nuclear power serves the military (nuclear-powered 
aircraft carriers and submarines), it also has non-military roles. 

Nuclear reactors have been used to provide electric power for public 
utilization since about 1955. Nuclear power in the form of radioisotopes 
has been used to provide operational power for satellites. In medicine. 
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minute quantities of selected radioisotopes are injected into the human 
body, and serve as "tracers" to aid in the diagnosis of diseases. 

Essentially all forms of nuclear power or radioactive materials in 
this country, whether its in the production, handling, or utilization 
phase, are subjected to some, and often many, forms of governmental 
regulations. The regulations are intended to reduce the probability of 
human exposure to ionizing radiation. Just as there are standards for 
human exposure to microwave (non-ionizing) radiation, there are also 
standards for human exposure to ionizing radiation. A basic unit of 
measurement for any kind of ionizing radiation absorption is the "rad." 
One rad is defined as 100 ergs/gr (1.26 x 10"® W-h/lb). The "rem" is 
a unit used to express the estimated equivalent of any type of radiation 
that would produce the same biological effect as 1 rad delivered by X or 
gamma radiation. The Ionizing Radiation section of the Langley Safety 
Manual (ref. 121, pages 22-23) reflects current guides for exposure to 
this radiation. These are summarized in Table 14.5. The current 
general philosophy for ionizing radiation safety is to maintain levels 
". . . as low as reasonably achieveable ..." 

The standards and safety precautions associated with ionizing 
radiation do not appear to be well understood by the general public. 

The general public is influenced by sensational events, such as the 
incident at the "Three Mile Island," Pennsylvania nuclear power reactor 
on March 28, 1979. The resultant threat of radioactive gas being 
released into the atmosphere created near-panic locally, and was head- 
line material for newspapers and television for weeks. Since the 
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TABLE 14.5 - SUMMARY OF IONIZING RADIATION STANDARDS 


Envi ronment 

Maximum exposure 

Controlled areas (radiation workers) 


Whole body, head and trunk; 
active blood forming organs; 
lens of eyes; or gonads 

1.25 rem/calendar quarter 

Hands and forearms; feet and 
ankles 

18.75 rem/calehdar quarter 

Skin of whole body 

7.50 rem/calendar quarter 

Uncontrolled areas (general public) 


Whole body 

0.5 rem/calendar year 

Dose for minors 

10 percent of that for 
controlled areas 


ThrGe Mile Island accident, all aspects of radiation safety have under- 
gone scrutiny in the news media. The use of radioactive materials, 
including nuclear wastes, remains a subject of attention and controversy. 

As part of this study, the views of Dr. Donald P. Hearth, Director 
and chief executive officer of the Langley Research Center, on the use 
of nuclear power in a flight vehicle were solicited. Dr. Hearth had a 
key administrative role in NASA's Voyager, Viking, and Pioneer space 
programs which all used RTG's (radioisotope thermonuclear generators) as 
power sources. Dr. Hearth points out that to get regulatory approval to 
launch these systems was a . . very, very, forma> process . . ." that 
involved ". . . lots of paperwork . . .", and included the participation 
of subgroups of the National Security Council. He also points out that 
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this very time-consuming process (conducted in the early 1970' s) was in 
an environment when nuclear power was more acceptable than it is today. 

In the current societal environment, the use of nuclear power in a HAAP 
aircraft is, perhaps, best summarized by another quote from Dr. Hearth, 
"The need isn't high enough to justify the . . . risk." 

14.3 GENERAL REMARKS 

The attitude of society towards a High-Altitude Aircraft Platform 
(HAAP), and the benefits derived from it,- will undoubtedly influence its 
development and operation. The current method of regulating this 
nation's airspace by the Federal Aviation Administration (FAA) does not 
appear to prohibit HAAP operation, especially since precedence for con- 
trolled or restricted airspace has been set. In terms of HAAP propulsion 
methods, solar energy appears to be readily acceptable, whereas nuclear 
energy appears to be unacceptable. The societal acceptance of microwave 
energy for a HAAP system is not easily evaluated. Although microwave 
transmitters which emit power densities comparable to those anticipated 
for a HAAP system already exist in our society, they provide a valued 
service. Ground transmitters for satellite communications systems have 
relatively high power density levels, but provide a service to society 
which currently outweighs the environmental risks. In the "selling" of 
a microwave-powered HAAP, whether the perceived benefits outweigh the 
perceived risks, remains to be seen. 
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CHAPTER 15 
CONCLUSIONS 

Th6 current study has identified and integrated near-term tech- 
nologies anticipated to be available within the next 5 to 7 years in 
determining the feasibility of remotely powered aircraft to perform 
year-around missions at 70,000-ft altitudes over the United States. 
Solar-, microwave-, and nuclear-powered blimp and airplane concepts 
have been analyzed. In addition, societal issues which might influence 
the development or operation of this High-Altitude Aircraft Platform 
(HAAP) have been evaluated. A 100-lb payload requiring 1000 watts of 
continuous power was used for analysis purposes throughout this study. 
15.1 SOLAR-POWERED HAAP CONCEPTS 

Solar-powered HAAP systems are extremely large, and conventionally 
shaped vehicles do not provide adequate, surface area to accommodate the 
required solar cells. The long nights of the winter season place a 
severe demand on this propulsion mode, since all energy must be col- 
lected during the daylight for both day- and nighttime operation. The 
short days of the winter are accompanied by the greatest windspeeds (up 
uo 140 ft/s) and, thus, the greatest power requirement. As a result, 
the critical nature of winter operation leads to very large vehicles. 

An unconventional, twin-bodied concept that carries a solar panel 
between the hulls could provide sufficient area for the cells, but 
appears prohibitive because of its immense size - about 90 million ft^ 
per hull. Increased levels of technological advancement in the areas 
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of solar-cell efficiency, fuel-cell weight, aerodynamics, and structures, 
when used collectively could provide a conventional single-body HAAP 

O 

blimp less than 2 million ft in volume. 

A solar-powered HAAP blimp designed for reduced station keeping 
capability (maximum airspeed of 100 ft/s) appears feasible with near- 
term technology. This concept could be a single-body, conventionally 
shaped aircraft about 3.2 million ft in volume, and about 620 ft in 
length. 

A solar-powered HAAP airplane would have much too little area on 
the wing, fuselage and tail surfaces to house the required solar cells. 

No viable configuration to overcome this problem was found. 

In terms of societal acceptance, solar propulsion appears to be the 
most readily acceptable of the concepts studied. 

15.2 MICROWAVE-POWERED HAAP CONCEPTS 

, Microwave-powered HAAP systems do not require nighttime energy 
storage and should result in relatively small, conventionally shaped 
vehicles that can satisfy all of the mission requirements. A super- 
pressure blimp concept would be about the size of a "Goodyear blimp" 

q 

(0.2 million ft in volume and 240 ft in length). The airplane concept, 
v;ith an aspect ratio 20 wing, would have about a 45-ft span and weigh 
about 175 lb. These concepts, however, would be restricted to operation 
near a ground power transmission station. 

Microviave-powered HAAP systems appear to be a potentially contro- 
versial issue; hov/ever, ground stations compatible with the microwave 




concepts that can perform the mission of this study would not require 
transmitted power levels greater than that for existing satellite 
communications ground stations. 

15.3 NUCLEAR-POWERED HAAP CONCEPTS 

Nuclear-powered HAAP systems appear to be feasible depending on the 
specific power of the nuclear propulsion system; however, with society's 
current attitude towards nuclear power, it seems unlikely that such a 
vehicle would be acceptable. 
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OOCl 

191 

DOCl 

192 

DOCl 

193 

DOCl 

194 

OOCl 

195 

OOCl 

196 

onci 

197 

nnci 

198 

onci 

199 

OOCl 

200 

OOCl 

201 

DOCl 

202 

OQCl 

203 

noci 

204 

DOCl 

205 

onci 

206 

OOCl 

207 

OOCl 

20B 

noci 

209 


215 


r> o r> n 


9FA0(1,750)0PTI0M 
UOTTrCf,571 
IPlP'^PIXn 7»6 
6 IF(n»TI0N.E0.1Hr>66»7 
WPITC(6fllO) 

PF*0(1,100JALT 
IF(FnPCl))67»67 
67 U0ITC(6,760) 

»EA0(1»100»VLD 
TFlFHPdn 
" WRTTF(6#765I 
QFAn(l»lOO)EURAT 
IFfEflFCin 12,12 

1? WffITCff,,770) 

PFAnn,100>FFBAT 
TF(FnF(ll) 13,13 
1? WPTTC(6,7T3) 

PFAn(i,ioo)uAcnu 

IFCFnFUn 1A,14 
14 UPITF(6,786) 

pF4na,ioo)FFcou 

IF(FnFCi)) 15,15 
1? WPTTFff,7B5l 
OFinn, 100)FFLUX 

c 

C TF fclux input d 0,, A NUCtFAP PQUEPEO niHP IS REPPFSFNTFO 

TF(Fnc(ini6,16 
14 WPTTC(6,775) 

PfAOf 1,100)PUNUKC 

TF(FTFUni7,17 
17 UPTTF(6»7au> 

PFAnri,ioo»Pwf*oT 

iFfFnF<inie,ie 
IP UPTTF(6t7BU 

PFAnr i,ioO)WTFRACS 


DQCl 

210 

ooci 

211 

OOCl 

212 

OQCl 

213 

PQCl 

214 

OOCl 

215 

DOCl 

216 

OOCl 

217 

OOCl 

218 

DOCl 

210 

OOCl 

220 

OOCl 

221 

OOCl 

222 

OOCl 

223 

OOCl 

224 

OOCl 

225 

DOCl 

226 

OOCl 

227 

DOCl 

228 

onci 

220 

onci 

230 

OOCl 

231 

OOCl 

232 

OOCl 

233 

onci 

234 

noci 

235 

OOCl 

236 

onci 

237 

OOCl 

238 

OOCl 

239 

OOCl 

240 

OOCl 

241 

OOCl 

242 

DOCl 

243 

OOCl 

244 

OOCl 

245 



IF 

(EOF (IJ »i9f 10 

10 

WP 

TTF{ t,787) 


PFAnfl,i00)FHE 


IF 

(Fncni)20,20 

70 

UP 

TTFfft,70fi) 


PF 

4O(l,100)0FLPMIN 


TF 

(Fnc(i) >71,21 

71 

uo 

ITFI6,7P9> 


PF 

4n(l,l00)TSHlFT 


IF 

(F7F(1>>22,22 

2? 

UP 

TTF(6,790) 


PF 

AHf 1 , lOOIPUTPR 


IF 

(FTFCn >24,24 

24 

V» 

TTCf ^,791> 


RP 

An(l,100)PPYLD 


IF 

(FnFCl>)25,25 

25 

UP 

ITC(6,79?) 


PF 

Ar>(l,100)UTPYL0 


TF 

(FOF(i> ><sfi,63 

68 

UP 

TTF(4,7Q3) 


PF 

Ann ,ioo)wppnPT 


IF 

(Fnc(i> >49^60 

60 

UP 

ITF(6,922) 


PF 

Aon,ioo)5ci 


TF 

(FTF (1) >70,70 

70 

UP 

TTF(6,g23) 


PF 

AP(1, 100)591 


IF 

(EOF(i> >77,77 

77 

UP 

TTC(6,924) 


pc 

AO(1,100)VMAX 


IF 

(FOC(i> >7,7 

7 

UP 

TTF(6,795» 


SFLFCTION OF A SINGLE PAPAMETER TO VARY 


73 TFfrn.GE.ei*)C0-*O35 

WPITF(6,119) 

UPITF(4,1?0) 


OOCl 

246 

DOCl 

247 

OOCl 

248 

OOCl 

249 

DOCl 

250 

OOCl 

251 

OOCl 

252 

OQCl 

253 

OOCl 

254 

OOCl 

255 

OOCl 

256 

DOCl 

257 

DOCl 

250 

OOCl 

259 

DOCl 

260 

OOCl 

261 

DOCl 

262 

OOCl 

263 

OOCl 

264 

onci 

265 

onci 

266 

OOCl 

267 

OOCl 

268 

DOCl 

269 

OOCl 

270 

DOCl 

271 

PQCl 

272 

OOCl 

273 

OOCl 

274 

DOCl 

275 

OOCl 

276 

OOCl 

277 

OOCl 

278 

OOfl 

279 

onci 

280 

noci 

281 

OOCl 

282 

OOCl 

283 

OOCl 

284 

OOCl 

285 

DQCl 

286 
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rto o 


10 UBTTcC6tl27J 

TP(FOFli)) io,n 

n wpiTcce# 0 ? 2 i 
on 35 

WPTTF(6»122)I»<'1 
30 PFAnarlOOlFCIHH) 
no 03 IR*6»fe 


one I 

OOCl 

DQCl 

onci 

OQCl 

onci 

OOCl 

OOCl 


r 

c 


on <n iMHM-1.3 

TFf IPIFCT.PO.IOKO-E 

i^r tpifct.fo.u)alt»e( 
IFCIFLECT,F0.l2)4SPPE0»E(r»1M'«) 

IF ncLECT.F0*13)PW»inTnP«F(IM1M) 

TFf IPlECT.FO*l^>FWRAT«FC IHHH) 
TFnELECT.E0.15)FFBAT«F(IHHMI 
IFfTFLrCT.F0a6>FFC0U.«E(THHM> 
IFUFI ECT.F0,17)WAC01L*ECINHH| 
TF(TFLECT,FO«10IEFLUX*E ( IMIMJ 
TFCIcleCT,F0,10IFFP»PP»P(IHHM) 

IFn = lECT.E0.20)F0FF*E(IH'^*O 
TF < TFt ECT«E0*211 FME>EUhhh» 
TFCTcLECT,F0,211FAR«1,-FhE 
IFf TFLECT«E0.22)0FLPPlN«En**^H1 
|F(IPLFCT«F0*23)TSHIFT-EnMM'1) 
TFCTELECT.F0.2^)WTFPACS«F< IM'IH) 

IF< ICLECT*E0,25IpWTPP«E ( IMMH) 

IFf IELECT*F0,?6lPPn0»e (IMHM) 

IF (ietFCT,F0,27)WTPYL0»E(IMNM> 

IF ( I=LECT.E0.2dlWPPnPT«E( IlHil 
IF I TELECT.E0,2O)SCl»E« IHHM) 

IF (tFLFCT«F0.30)VMAX*E( IMH^l 
IF( IELECT.E0.50)PUNUKE«E< I*»H'1) 

CALCULATION OF AM0IFNT TEMPFRATUPF 


OOCl 

OOCl 

OOCl 

OOCl 

onci 

OOCl 

OOCl 

OOCl 

OOCl 

onci 

OOCl 

onci 

OOCl 

OOCl 

OOCl 

OOCl 

OOCl 

OOCl 

OOCl 

OOCl 

onci 

onci 

OOCl 

OOCl 

OOCl 

OOCl 


ALT«ALTA,30A8 

TF(ALT .GE.O. •ANO. ALT«LT.ll.)I«200.19-(ALTP(2a0. 13-216. 651/11.) 
IFfAlT.GE.ll. .ANO. ALT.LE.23.)T«216.65 

IF(ALT,GT.20. .and. ALT.lt. 32. ) T-217.4C (4LT-70. >♦(229.-217. )/l2.) 
IF ( AL T .GE .32. .AMO, ALT .LT.A7. > T«229.4 ( (ALT-32. )*( 271.-229. > /1 5. > 
IF( ALT.6E.47. .ANO. ALT. LE .52. > T-271. 

IF(ALT.GT.52. iANf). ALT.LT.6l. ) T«27l.- ( (AL T-52. ) 4(271 .-253. ) /9. J 
IF( ALT.6E.6l. .ANO. ALT. LT.79.)T«253.-((ALT-61«)4 (253.-181. )/19.) 
TF( ALT.GE.79.)T-131. 

T IS A>»BIENT TEMPERATURE(KELVIN) 

T«T>TSHIFT . 

ALT-ALT/. 3048 

CALC'JLATinN OF AN0I6NT DENSITY ANQ PRESSURE 

«-2.*( (2.4ALT/AC 1-1.) 

C(l)-l. 

COFMS-0. 

CPRES-0. 

C(2)-T 

C(3)-(X*42.)-2. 


OOCl 

OOCl 

OOCl 

OOCl 

OQCl 

OOCl 

OOCl 

onci 

OOCl 

OOCl 

OOCl 

OOCl 

OOCl 

OOCl 

OQCl 

OOCl 

OOCl 

OOCl 

OOCl 

onci 

OOCl 

OOCl 

onci 


OP 33 IU-4.19 
C ( I ui • { X*c ( T U-1 ) )-C ( lU-2 ) 

33 rnNTTNUF 

on 34 Tt*l,l5 

rnFNS«COENSf(A( II)*C(ll)/2.) 
CPPF^*CPReS^(B(II)*C(in/2.) 

34 CPNTTNUF 

c 

C COFMS IS AMBIFNT 0FNSITY(SLUGS/FT/FT/FT) 
OFN*.RHOMOT4EXP(COENS) 
POFSS«PNnT*EXP(CPPES ) 

c . ’ 

G«32.174-(ALTP(32.174-31.189)/AC2) 

LINENO.LINFNO^I 


OOCl 

OOCl 

onci 

ooci 

onci 

OQCl 

onci 

OOCl 

OQCl 

OOCl 

onci 

onci 

OOCl 

OOCl 

OOCl 


287 

288 

289 

290 

291 

292 

293 

294 


295 

296 

297 

298 

299 

300 

301 

302 

303 

304 
309 

306 

307 

308 

309 

310 

311 

312 

313 

314 

315 

316 

317 

318 

319 

320 

321 

322 

323 

324 

325 

326 

327 
326 

329 

330 

331 

332 
.333 

334 

335 

336 

337 

338 

339 

340 

341 

342 

343 


344 

34 5 

346 

347 

348 

349 
.350 

351 

352 

353 

354 

355 

356 

357 

. 358. 
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c 


OOCl 

359 

r. 


OOCX 

360 

c 


OOCl 

361 

c 

CONCEPT SIMNG 

OOCl 

362 

c 


OOCl 

363 

c 


noci 

36A 

c 


OOCl 

365 

c 


OOCl 

366 

c 

Vni tS BLI>tP VOlOHE«FT X FT X FT» 

OOCl 

367 


VnL«10.00F*06 

OOCl 

360 

c 


onci 

369 


nn o<j 

OOCl 

370 


VOL»Vf}L-(VOL/^.» 

OOCl 

371 


FVni-VPLtll.f-061 

OOCl 

372 


vnLA.(V0L»*.667) 

onci 

373 

C • 


OOCl 

376 

c 

Oliw TS BLIMP DIA*iETERJFTI 

OOCl 

375 


r>TAM,( cvOL*4./(PI*VLO*PC#PCI)^*,3?1) 

onci 

376 

c 


OOCl 

377 

c 

*»FF IS BLIMP PLANFORM APEA(FT » FJ) 

non 

378 


APFF*eOIAH#OlAM#VLO)*PC 

DOCX 

379 

c 


OOCl 

360 

c 

SUPF&CE IS BLIMP SURFACE A»E4(FT X FTl 

pnci 

381 


^UPFACE«PIADUM*»CFVLOtniAM 

OOCl 

362 

c 


onci 

383 

c 

PHOF^O IS MOTHR power provided at average AIPSPEEO(W) 

OOCl 

366 


PMnRco«CClRCOPOEN$PCASPEEOPP3.)PCVOLPR*667)/(2.REFPROP) 

OOCl 

365 

c 


onci 

366 

c 

PHOPFOl IS MOTOR POWER PPOVIOEO AT MAXIMUM AIRSPEEOIWI 

OOCl 

367 


PMnRF01.CClPC0P0EKSP((VNAXM*3. )*(V0LP*.6fr7)/l2.PEFPR0P) 

OQCl 

368 

c 


roci 

369 

c 

TMRIJ^T is THRUST AT AVERAGE AiRSPEEOdBI 

OOCl 

390 


TMPUST*COtOENS*CASPEEOP*2. )*(V0LPP.667WI?. ) 

noci 

391 

c 


OOCl 

392 

c 

THPUSTl IS thrust at MAXIMUM AlPSPFEDdB) 

OOCl 

393 


TWBUSTl«COPDENS^< IVHAX)PP2.)PCV0 L*p.667I/C2*I 

OOCl 

396 

c 


OOCl 

395 

c 

FMPOGY is energy provided by rectenma it average AIRSPEEDCU-H) 

DOCl 

396 


ENFPr,Y-nPMORFO/tFMQTOR)4PPYLO)P( (2A.-P3FF >♦ I PQFF/E FB AT )) /EFPP 

OQCl 

397 

r 


onci 

398 

c 

ENERGVl IS ENERGY PROVIOEO BY REACTENNA AT MAXIMUM AIRSPEED (U-H) 

OOCl 

399 


FMrpr,vx«C ( PMnRE01/EFMOTnP)4pPYLO)*( < 2A«-P0FF»4>(P0FE/EF6AT) )/EFPP 

OOCl 

600 

c 


DOCl 

601 

c 

PCOLL IS POWER PPOVIOEO BY RECTENNA(W> 

OQCl 

602 


PCniL^ENERGYl/C 2A.-POFF) 

OOCl 

603 

r 


DOCl 

604 

c 


onci 

605 

c 


DOCl 

606 

c 

LIFT 

DOCl 

607 

c 


OQCl 

605 

c 


onci 

609 

c 


OOCl 

610 

c 

RAP IS FRACTION OF AIR IN BLIMP ENVEtOPp 

OOCl 

611 


FAP-U^FHE 

OOCl 

612 


FlIFTAR*FARPGMQLAtR*(PRE$SPOFLPMIN) /(RPTPCBU 

OOCl 

613 


FLIFThe-FHEPGMOLEmEPCPPESS^OPLPMIN) /CRMTPCBII 

OOCl 

616 

r. 


DOCX 

615 

. c 

FLIFT IS TOTAL BLIMP LIFTILBSI 

OOCl 

616 


FLIFT«V0LPDENS*G 

OOCl 

617 


pLIFT«FLIFTP(1.0F-06> 

OOCX 

618 

c 


DOCl 

619 

c 


OOCl 

620 

c 


OQCl 

621 

c 

UFIGHTs CLBS) 

DOCl 

622 

c 


DOCl 

623 

c 


OOCl 

624 

c 


oncx 

425 

c 

Cl PROVIDES FOR OFSIRED WEIGHT FRAfTION 

OOCl 

626 


C1«WTFPACS/(1.-WTFRACS) 

OOCX 

627 

f 


OOCl 

626 

c 

WTPP TS WEIGHT FOR POVE» PROCESSING 

DOCl 

629 


WTPP«(PPVLD/PWTPPIP<PM0RE01/CPP) 

OOCl 

630 

c 


OOCl 

631 

c 

WTPRIP IS WEIGHT OF PROPELLER 

OOCl 

632 


WTPPOP-WPROPTPTMPUSTl 

OOCl 

633 

c 


onci 

636 
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c wTwnrnp IS WEIGHT of uniOR and gear rox 
^ wT»*nTnp-PHnREoi/PWMonR 

C WTniSOG IS WEIGHT OF DISPLACED AlP 

WTnTSPG«VOLPOEMS*G 
IF(FFtUX.LT.l.)GT TO 51 


C WTCniL IS PECTENMA WEIGHT 

WTrnLl»ll ,4SCl )*PCOLL*WACOLL/<EFLUX»EFCOLL > 

^ 51 TF«F«LUX.LT*1.) WTCOLL-0* 

C WTRAT IS WEIGHT OF 0ATTEPY OR FUEL CELL 
^ WTR*T«CX.tSRn*nPHOREO/EFHOTOR)^P®rLO)PPOFF/EW0AT 

C WTGAS is BLIHP envelope gas WEIGHT 

WT6AS»VOL*G*rFLIFTAR4FLIFTHEI 

C WTNIUF IS WEIGHT OF NULCEAR PROPULSION SYSTEM 

wtnu<?*pcoll/pwnuke 

TF(EpLUX.GT.I.)WTNIIKF-0. 

IFIFFLUX.GT. !• )PWNUKF,o. 

c 

^ N^T^‘»*<T2*WTPP4WTMf}TOP4WTCOLL4WTRAT4WTNI|KE4WTPROP4WTPYLD 

C WT^TiT IS structural WEIGHT 

WT^TPT»WE IGHT2*C1 
C 

C weight is TOTAL BLIMP WEIGHT 

WFTGUT.WE IGHT24WTSTRT4WTGAS 
C 

c 

c 

c ACOU IS APEA OF RECTENNAIFT X FT) 

*rOLL»WTCQLL/WACOLL 

c 

c *«P4*««4«44*«*«4***4*«^«* 

C papA'*FTERS fop PLOTTING 

C 

YPLnTu«ENFPGY/(FLIFTP1000* ) 

YPLOTC D-ACOLL/AREF 

ypL.OT( 2 )■ ( WTMOTOR4WTGAS4WTPP4WTPRnP ) / FL IFT 
YPLOTC3)* (WTSTRT4UTPVL0)/FLIFT 
IFCFclux.lt* !• ) YPLOTC^I-WTNUKE/ (FL^FT) 

IFCEFLUX.GT.l.) YPL0TC4)«WTC0LL/(FLIFT) 
YPLnTC5)«WTRAT/{FLIFT) 

VPl PTC 6)«( FLIP T/WEIGHD-l. 

C 

C 

99 WPTTC( 5*560)1 INENO^EVOL^YPLOTCIR) 

C 

C #•«*«*#***#* 

C 

C OUTPUT 
C 


TTT-ITT41 
WPITEC 5*151)99999 
C 

IF( TrLECT.EO.lO)Cn«E C^) 
IFCICLECT.EO.H )ALT-F(4) 

IF CTcIECT.F0.12)ASPEED»f(a) 
IFC TELE CT.F0.13 IPUMOTOP.E f A) 
TFCTFLFCT.E0.19)£WRAT«F(4) 
TFn = LECT.E0,15)FFRAT-E(A) 
IFCTFLECT .t0,16)CFC0LL»E(9) 
TF(TFLECT.F0.17) WACOLL-E (9) 
TfctclpCT.F0.1S )EFLUX«E(A) 
TFC TEL£CT.£0.19)£FPP0P»E(A) 
IFCTclECT.E0.20)O0FF.EC^) 

TF CIclFCT.EQ.21)Fme«f(^) 
TFncLECT,t0.22)0FLPMlN«E(4) 
IFCTFLECT.E0.23)TSHIFT*EU) 
TFCIFIECT.F0.2A)WTFRACS»EC6) 


DOCl 

635 

DOCl 

636 

DOCl 

637 

DOCl 

638 

DOCl 

639 

onci 

660 

DOCl 

661 

DOCl 

662 

DOCl 

663 

DOCl 

666 

DOCl 

665 

DOCl 

666 

DOCl 

667 

DOCl 

660 

DOCl 

669 

DOCl 

650 

onci 

651 

DOCl 

652 

DOCl 

653 

DOCl 

656 

DOCl 

655 

DOCl 

656 

DOCl 

657 

DOCl 

65R 

DOCl 

659 

oori 

660 

DOCl 

661 

Don 

662 

DOCl 

663 

DOCl 

666 

DOCl 

665 

DOCl 

666 

DOCl 

667 

oori 

668 

DOCl 

669 

DOCl 

670 

DOCl 

671 

DOCl 

672 

Don 

673 

DOCl 

676 

DOCl 

675 

DOCl 

676 

DOCl 

677 

DOCl 

678 

DOCl 

679 

DOCl 

660 

DOCl 

681 

DOCl 

682 

DOCl 

683 

DOCl 

686 

DOCl 

685 

DOCl 

666 

DOCl 

687 

DOCl 

688 

DOCl 

689 

POCl 

690 

DOCl 

691 

DOCl 

492 

DOCl 

693 

DOCl 

696 

non 

695 

DOCl 

696 

DOCl 

697 

DOCl 

698 

non 

699 

Don 

500 

DOCl 

501 

DOCl 

502 

DOCl 

503 

DOCl 

506 

DOCl 

505 

Don 

506 

DOCl 

■ 507 

DOCl 

508 
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c 


OOCl 

509 

c 

PLOT nuTPUT 

noci 

510 

c 


OOCl 

511 


on 1 Tb 6*6 

noci 

512 


WPTTC(5,152)4«1»1,1, 1,0.1 

DQCl 

513 


WOITP{ 5. 156) 9909^5. KA*0.KA^1,KA^2 

nnci 

51A 


KAokA4-3 

oocx 

5)5 


UDTTEf 5.155)0.0.0 

ooci 

516 


UOITP(5.155)7.7.7 

onci 

517 


WPTTn5.155)1.2.-^ 

DOCl 

51P 

c 


DOCl 

519 

c 

PLOT LABEL SPECIFICATION 

noci 

520 

c 


OOCl 

521 


IFMT.EOol) WPrTF(5.000) 

OQCl 

522 


TF(IT.F0«2) WRTTF(5.0ul) 

OOCl 

523 


IF(IToE 0,3) WPITE(5,ft02) 

OOCl 

52^ 


ienT,E0.4.ANf)»FFLUX.LT.l. ) WRITE («,B03) 

noci 

525 


IF( TT.EO.A.ANO.FFLUX.OT.I, ) WRITE 15, 906) 

OOCl 

525 


TFHToEO.S) WRITP(5»H0^) 

OOCl 

527 


IF(TT.E0o6) WRITE(5.005) 

OOCl 

520 

c 


OOCl 

529 

c 


OOCl 

530 


WRIT? (5.192 )Cn. AS PEED# POFF. ALT 

OOCl 

531 


WPITE(5.19<i)EFPRnP,EWBAT.FFnAT. PWMOTOP 

OOCl 

532 


UPITP( 5.196)PUMU<E.WACnLL.EFC0LL.FFLUX 

OOCl 

533 

c 


OOCl 

535 

c 

Y-AXI’: GRIP SCALE FACTOR 

DQCl 

535 

c 


OOCl 

536 


TF( IT.EO.l) HRITF(5.500)1..0..6..1.,,20 

DOCl 

537 


TF( TT.E0<»2) WRITE ( 5. 500 ).1.0,.l 0 5 

OOCl 

530 


IF(IT.F0,3) WPITE( 5.500) .1.0.. 1...1, .05 

DOCl 

530 



IF (IT. E 0.5) WRITE(5.500).l,0..l...l..05 

OOCl 

550 


IF(TT.fq,5) WRITF( 5.500) .1.0., l.t.l.. 05 

OOCl 

551 


TF(IT.E0.6) WRITF( 5.500).5.-.8..P..5..2 

DOCl 

552 

C 


DOCl 

553 

C 

X-AXIS GRID SCALF FACTOR 

DOCl 

555 

C 


DOCl 

555 


UPTTR(5.500).5.0...8..5..2 

OOCl 

556 

C 


OOCl 

557 

C 

Y-AYTS LABEL 

DOCl 

55B 

C 


onci 

559 


UDTTCf 5.515)33. .P 

OOCl 

550 

c 


OOCl 

551 


TF( TT.EQ.l) URITF(5.2D3) 

DOCl 

552 


TF(IT.E0.2) WRITF(5.202) 

DOCl 

553 


TF(TT,E0.3) WRITF(5.201) 

onci 

555 


IF( TT.E0.5.AMn.EFLllX.LT,l, ) WR TTF ( *5. 200 ) 

OOCl 

555 


IF ( TToE0.5.ANn.EFUJX.r,T,l. ) WRITE (5 .205) 

onci 

556 


IF(TT.E0.5) WRITE(5,205) 

OOCl 

557 


7F(It^F0,6) HRITF(5»205) 

non 

55B 

c 


DOCl 

559 

c 

X-AXTS LARCL 

DOCl 

560 

c 


OOCl 

561 


WRITM5. 515)31. .P 

OOCl 

562 


WRITC( 5.535) 

DOCl 

563 

c 


OOCl 

565 

c 

OPFPARE FIGURE LFDGENO 

DOCl 

565 

c 


DOCl 

566 


TF( TFLECT. FO. 10) WRITE (*-.600) 

onci 

567 


IF ( IPLFCT.FO.il )WR ITF ( 5.602) 

DOCl 

56D 


IF( T=LECT.F0.12)WPITE15.603) 

OOCl 

569 


IFdPLFCT. F0.13)‘4RITf (5.605) * 

OOCl 

570 
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A. 2 AIRPLANE 


PROGRAM HEYSON ( INPUT, OUTPUT, TAPE1-INPUT»TAPE5,TAPE6-0UTPUT I 

PROGRAM HEYSON AIDS IN THE FEASIBILITY ANALYSIS OF 
SOLAR-, MICROWAVE-, AND NUCLEAR-POWERED AIRPLANES 

TAPEl IS INPUT FROM INTERACTIVE TERMINAL- 
TAPES IS A PLOTTING PROGRAM INPUT TAPE 
TAPE6 IS OUTPUT TO TERMINAL 

DIMENSION B(A),AaS),CaS>,YPL0T(6) 

REWIND S 
C 

C RHO IS SEA LEVEL DENS I TY( SLUGS/FT/FT ) 

RHO-, 0023769 
C 

C CCl CONVERTS (FT-LB/S) TO W 
CCl-1. 355810 
C 

C CPP IS PROPULSION POWER PROCESSING SPECIFIC PDWER(W/LB) 
CPP-250. 

C 

C CHEBYSHEV A() VALUES--USED IN CALCULATING AMBIENT DENSITY 
C 

A( 1)»-,1096C632E+02 
A(2)— •55717132E+01 
A( 3>»«99116555E-01 
A(^)«,610^<»fl^7E-01 
A(5)«-.1^30<»157 
A(6)-.29492O08E-O2 
A(7)»,5e78960<rE-02 
A(8)».2042132AE-02 
A(9)»,71033206E-02 
At 10)—.1031<>086E-01 
AU1)«.34100737E-02 
At 12)-o^»176^3?5E“02 
Atl3> — .3915X559E-02 
Atl^)o.ll227028E-02 
Atl5)n-.157D1053E-02 
C 
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CAl-262.<i67 
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C ♦♦♦*♦♦♦ DEFAULT VALUES 

C DEFAULT VALUES ARE THOSE FOR A MICROHAVE-POWER ED AIRPLANE 
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C CLMAX IS MAXIMUM LIFT COEFFICIENT 

CLMAX-1.5 
C 

C COO IS AIRPLANE PROFILE DRAG COEFFICIENT 
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ASPEED IS AVERAGE AI RSPEED( FT /S ) 
ASPEED-IAO.O 

VH4X IS MAXIHUM AI RS P E E 0 ( FT / S ) 
VMAX-1^0.00 

EFPRDP IS PROPELLER EFFICIENCY 
EFPR0P-,a5 


POFF IS NUMBER OF HOURS THAT FLIGHT OPERATIONS 

MAINTAINED BY THE STORED ENERGY 

POFF-0, 


nTFRACS is STRUCTURE-TO-HEIGHT RATIO 
WTFRACS-.17 


EWBAT IS BATTERYCENEPGY STORAGE DEVICE) 
ENERGY-TO-KEIGHT RATI0(W-H/LD) 
EW0AT-15.3 


EFBAT is BATTERYIENERGY STORAGE DEVICE) EFFICIENCY 
EFBAT-.85 


WACOLL SOLAR CELL) WEIGHT-TO-AR E A RATIO! LB/FT /FT) 


PWMOTQR IS MOTOR-GEAR-BOX SYSTEM PQWFR-TO-WE IGHT PATIO(W/LB) 
PWMOTQR-573, loi 

EFMOTQR is MOTOR-GEAR-BOX SYSTEM EFFICIENCY 
EFMOTOR-.94 


EFLUX IS THE POHER-TO-ARE A RATIO OF THE MICROWAVE BEAM 
(OR SUN'S RAYS) INCIDENT ON THE A IRPL ANE ( W/FT/ FT/ ) 
EFLUX-37,0 

EFCOLL IS THE RECTENNA{OR SOLAR CELL) EFFICIENCY 
EFCOLL»*0O 

ALT IS ALTITUDEdN THOUSANDS OF FT) 

ALT-70.0 

PPYLD IS PAYLOAD POWER(W) 

PPYLD-1000. 

PWNUKE IS NUCLEAR SYSTEM POWER-TO-WE IGHT RATI0(W/LB) 
PHNUKE-15. 

PI IS PKTHE MATHEMATICAL TERM) 

PI-3.1A159 

PUTPP IS POWER PROCESSING P0WER-TG-WEI6HT RATIO(W/LB) 
PWTPP-53.A 

EFPP IS POWER PROCESSING EFFICIENCY 
EFPP-.92 

UPROPT IS PROPELLER WE I GHT-TD-THRUST R AT IQ ( LB/ L B-THRUST ) 
WPR0PT-.06 

WTPYLO IS PAYLOAD HEIGHT(LBS) 

WTPYLD-100. 

E IS OSWALD AIRPLANE EFFICIENCY FACTOR 
E-.05 

AR IS AIRPLANE ASPECT RATIO 
AR-20. 

SCI IS RECTENNA(QR SOLAR CELL) REDUNDANCY FRACTION 
SCl-0.10 

SBl IS BATTERY(ENERGY STORAGE DEVICE) REDUNDANCY FRACTION 
SBX-0.0 

SSI IS STRUCTURAL HEIGHT-TO-HIHG AREA RATIO (LB/FT/FT) 
SSI-.4 
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SELECTION OF A SINGLE PARAMETER TO VARY 
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C 


C 

C 

C 


C 

C 


90 WRIT£t6»fl?2) 

00 49 lMol,3 
WkITKhj823Hfi 
92 RbAD<l,50)0tIf1) 

IF(EDF(1))92,49 
69 CONTINUE 

00 41 I0U«6#6 
DO 41 IS°l»3 

IF( I8oEQolO)CLMAX«B{ IS ) 

IF(l0oE0oll)C0Qn8(is ) 

IF(IDoE0.12)ASPEE0a8(IS) 
IF(ID.EO,13)PnFFtiO(IS) 
IF(IB«E09l4)FFPR0?«’r. IIS) 
IF(IB.EQ.15)EwaATaB(IS) 
IF(inoEQ.l6)EF8AToni IS) 

IF I IB,EQ„17)PHM0TGRnn(IS) 

IF I IB.EO.lG) WACOLL^n ( IS ) 

IF| IDtEQol9)EFCOLL"B (IS) 

IF(IBoEOo20)£FU)X»fMIS) 

IF(IB.EQ.21)ALT=0I IS ) 

IFIin*E0o22 ) PHTPP^’81 1$ ) 

IF 5IBoEQ923)PPYLDnni IS ) 

IF I IBcE0o24) WTPYL0''8 ( IS ) 
IF(ID«EOo25)AR"B(IS) 

IFI I0oEQd26)SC1oO( IS ) 
IF(IB.EQ«27)WTFRACS"0(IS) 

IF(I0«EO«20) WPRG?T"B (IS ) 

IF ( I9«E0o 29)VMAX«B(IS) 
IF(IB,E0.30)SSi»D(IS) 

IF( IO.EOoSDEoBC IS) 

IF ( I0oE0®50)PWNUKE«n IIS) 

22 CONTINUE 
N»N^1 

CALULATION of ambient DENSITY 

X.2.*|(^;*ALT/CA1 )-l.) 

RLN-0. 

CI2)oX 

C(3)o(X*«2.)-2o 
DO 35 IZ»4»15 

35 C(l2)»(X*C(IZ-l))-CIIZ-2) 

DO 36 IV»1,15 

36 RLNoRLNtI Al IV)»C nV) /2. ) 

DENS IS AMBIENT DENS I TY (SLUGS/FT/FT/FT ) 
DENS»RHD«EXP|PLN) 
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AIRPLANE CONCEPT SIZING SCHEME 

CL IS DESIGN CL FOR MINIMUM POWER OPERATION 
. CL«SORT(3.*PI*AR*E*COO» 

IFCCL.GT,CLMAX)CL«CLMAX 

c 

C CD IS CRUISE CD 

^ CD-CDO ♦((CL^^2.)/(PI*AR*E)) 

C SREF IS WING PLANFORM AREA(FT X FT) 

SPEF-5, 

C 

DO 41 II-1#20 

WTFRACl-UTFRACS 

SREF-1.5«SREF 

56 C1»WTFRACI/(1,-WTFRAC1) 

c 

C PMOREO IS MOTOR POWER AT CRUISE AIRSPEED(W) 

^ PM0REQ«CC1*C0*DENS*( ASPEEO**3. )«SREF/ (2. ^EFPROP ) 

C . THRUST IS THRUST AT CPUISE AIRSPEEO(LB) 

THRUST-CD»OENS»( ASPcE0**2.)*SREF/(2. ) 

C 

C PMOREQl IS MOTOR POWER AT MAXIMUM AIRSPEED(W) 

^ PM0RE01-CCl»CD*DENS* ( ( VMAX >•♦3. )♦SREF/ (2.*EFPR0P) 

• C THRUSTl IS THRUST AT MAXIMUM AIRSPEED(W) 
THRUSTX-CO*OEMS'M(VMAX)**2. )*SR£F/<2. ) 

C 

C ELIFT IS DEVELOPED LIFT(LB) 

ELIFT»CL*DfcNS^(ASPE£D**2. )*SREF/2. 

C 

C ENERGY IS ENERGY NEEDED AT CRUISE AIRSPEED (W-H ) 

ENERGY«((PMaREQ/EFH 0 T 0 R)*PPYLD)*C 24 .-P 0 FF 4 <P 0 FF/EFBAT))/EFPP 

C 

C ENERGY! IS ENERGY NEEDED AT MAXIMUM AIRSPEEO(W-H) 

ENERGYl- ((PMQREQX/EF MOTOR )-i>PPYLD)* (24 •-POFF + (P OFF/ EFBATU/EF PP 
C 

C PCOLL IS POWER THAT RECTENNA MUST PROVIDE(W) 
PCOLL-ENERGY1/(24,-POFF) 

C 

c 


C WEIGHTS(LBS) 

c 

c 

C WTMOT IS WEIGHT OF MOTOR AND GEAR BOX 

UTM0T«PM0REQ1/ PH MOTOR 

c 

C WTPRDP IS HEIGHT OF PROPELLER 

WTPRQP-WPR0PT4THRUST1 
IF{WTPR0P.LT*2.0)WTPR0P-2.0 
C 

C HTPP IS POWER PROCESSING HEIGHT 

HTPP«(PPYLD/PHTPP)4( PMOREQl/CPP) 
lF(eFLUX.LT«l.)GQ TO 55 
C 

C WTCOLL IS WEIGHT OF RECTENNA 

WTCOLL«(X.^SCl)*( WACOLL*PCOLL )/(EFLUX*EFC0LU 
55 IF(EFLUX.LT.1.)HTC0LL-0. 

C 

C HTBAT IS WEIGHT OF BATTERY OR FUEL CELL 
^ WT8AT-(l. + SBn*( (PMOREO/EFMOTOR)4PPYLD)*POFF/EWBAT 

C HTNUKE IS HEIGHT OF NULEAR PROPULSION SYSTEM 

HTNUKE-PCOLL/PWNUKE 
IF(EFLUX,GT.l.)WTNUKE-0. 

IF(EFLUX.GT.l.)PMHUKE-0. 
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r» o oo o o o 


WTSTPT-0. 

WTOTHEff"(WTPP*WTMOT4UTPYLO^WTSTRT)*a,OE-03) 
WEIGHT2-WTI1QT + WTCaU + UTPPtWTBAT4WTPYL0 + WTSTRT^WTNUKE 
l^WTPROP 
C 

C WTSTRT IS STRUCTURAL WEIGHT 

WTSTRT«WEIGHT2^C1 
C 

C TEST ASSURES THAT SSI IS AT LEAST .4 
TEST-WTSTRT/SREF 

IF(TEST.LT.SSl)WTFRACl«WTFRACl4*005 
IFCTEST.LT.SSDGOTO 56 
C 

C WEIGHT IS TOTAL AIRPLANE WEIGHT 

WFIGHT-WEIGHTZ^WTSTRT 
C 

c 

C SCOLL IS AREA OF RECTENNA(FT X FT I 
SCOLL-WTCOLL/WACOLL 

c 

C WN6L0 IS WING LOADINGC LB/ ( FT X FT!) 


WNGLO-WEIGHT/SREF 

C 

C ASRAN IS WING SPAN(FT) 

ASPAN>AR«S0RT(SREF/AR) 

C 

C AREF is WING PLANFORH AREACFT X FTI 
AREF-SCOLL/SREF 


PARAMETERS FOR PLOTTING 


YPLOTM-(WTMOT/ELIFT)4(WTPP/ELIFTI 
YPLOT(l)-AREF 

YPLOT<2)«CHTPYLO/ELIFT)*YPLOTM 
YPLOT( 3)»WTSTRT/ELIFT 
IF(EFLUX«LT«1.)YPL0T(A)»WTNUKE/ELIFT 
IF(EFLUX,GT,1.)YPLOT<4)«WTCOLL/ELIFT 
YPL0T<5>-WTBAT/ELIFT 
Y PLOT (6) -(ELI FT/ WEIGHT)-!. 
WPITE(5»100)N,ASPAN. YPLOT(IOU) 

41 CONTINUE 

WRITE(5»15I)99999 
C 
C 

c 

C PLOT OUTPUT 

C 

1F(IB.£0.10)CL-B(4) 

IPnB.E0«U)CD-B(4) 

1F(IB.EO.!2)ASPEEO-B(4) 

IF(IB.EQ.13)P0FF-BC4) 

IF(ia.E0.14)EFPRQ9.a(4) 

lF(ia.EQ.15)EWBAT-B(4) 

IF(IB.£0.16)EFDAT-B(4) 

1F( IB.EQ.17)PWM0T0R-B(4) 

IF<ID.E0.18)HAC0LL-B(4) 

IF(IB.E0.19)6FC0LL«B(4) 

IF(IB.EQ.20)EFLUX«B(4) 

IF(IB.EQ.21)ALT«6(4) 

1F(IB.EQ.22)PWTPP«B(4) 

IF(IB.E0.23)PPYL0-B(4) 

IF(I8.E0.24)WTPYL0-BI4) 

IF(IB«EQ.2S)AR-B(4) 

IFC1B.E0.50)PWNUKE-B(4) 
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c 

c 


c 

c 

c 


c 

c 

c 


c 

c 

c 

c 

c 

c 


c 

c 


DO 42 IT«6*6 
*KA-i 

URITtC5,152)4#l,l,l,X»0»l 

WRITfc<5#156)<J<3998»KA40»KA^l#KA4‘2 

KA-KA^3 

URITE(5»155)0#0>0 

WRITF(5,155)7#7#7 

WRITE<5#155I1,2»3 


PtOT TITLE SPECIFICATION 

IFCIT.EQ.n WRITE( 5 » 203 ) 

IF<IT.EQ.2) WRITE(5,204) 

IF(IT.EQ.3) WRITE(5,202) 
IFUT.EQ.^.AND.EFLUX.GT.I. ) WRITE (5^200) 
IFdT.EO.A.AMO.EFLUX .LT*I. ) WR ITE ( 5«206) 
IFUT.EO.S) URITE(5,201) 

WRITE(5^ 190)CL»CO»ASPEEO»POFF#ALT 
IF(IT.E0.6)HRITE(5»205) 
WRITE<5#192)EFPR0P,EWBAT»EF8AT#PWH0T0R 
WRITE (5» 194 JPWNUK£,WAC0LL,EFC0LL#EFLUX,AR 

y-axis grid scale factor 

IFCIT.EO.l) WRITE(5#500)1.#0.#6,#1.,.20 - 
IF(IT.EQ.2) WRITE(5,500).1#0.,1.,.1».05 
1FJIT.EQ.3) WRITEC5f 500).l,0.»l.,.lt.05 
IFUT«EQ«4) WRITE( 5# 500)«1#0.#1 «j, 1#,05 
IF(IT*E0.5) WRITE(5»500).l#0*#l., .1# .05 
IFCIT.EQ.b) WRITE(5 j500).4#-.8#.8#.4».2 

X-AXIS GRID SCALE FACTOR 


WRITE(5#500)2QO«#0.#400.#200.f 100. 
Y-AXIS LABEL 


WRITE(5#515I35,.2 
IFIIT.EO.1) WRITE(5»e03) 

IFCIT.E0.2) WRITE(5#804) 

IFUT.E0.3» WRITE(5#802) 
IFCIT.EQ.4.AND.EFLUX.GT.X. 1 WRITE (5» 800) 
IF(IT.EQ.4.AND.EFLUX.LT.X.)WRITE(5#806) 
IFUT.E0.5) HRITE(5#eCX) 

IFCIT.EQ.6) HRITE(5.e05) 

X-AXIS LABEL 


WRITE(5#515)18,.2 

WRITE(5,535) 

C 

C PREPARE FIGURE LEOGEND 
C 

IF(IB.E0.X0)WRITE(5»602) 
IF(ID.EQ.11)WRITE(5#6C0) 
IF(1B.E0,X2)HRITE(5. 603) 
IF(IB.EQ.13)WRITE(5.6C4) 
IF(IB.£0.14)WRITE(5..605) 
IF(IB,EQ.15)WRITE(5#606) 
IF(IB.EQ.16)HRITE(5f 6C7) 
IF<IB.E0.17)WRITF(5»60B) 
IF(IB.E0.10)HRITE(5#609) 
IF ( IB, EO. 19) WRITE (5# 610) 
IF<IB.EQ.20)rfRITE(5/611) 
lF(ie,EQ,21)WRITE(5»6X2) 
IF(IB,EQ.22)WRITE(5f 613) 
IF(IB.E0.23) WRITE(5#614) 
IF(I8.EQ.24) WRITE(5»615) 
’ IFUB.E0.25)WRITE(5#616) 
IF(IB.E0,26)WRITE<5#617) 
IF UB.EQ.27)WRITE( 5.6X8) 
IF<ID.EQ,2a)WRITE(5#619) 
IF(IB.E0.29)WRITE(5.621) 
IF(IB*E0,3O)WRITF.<5#622) 
IF(IB.E0.3l)WRITE<5»623) 
. IF(IB.E0.50)HRITE(5»620) 
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HR1TE(^/>601)0U) 

HRITE(5»601)0(2) 

WRITE(5>60l)OC3) 

CONTINUE 

FORMATS 

^8 F0RMAT(I2) 

50 F0RMAT(F10.5) 

51 F0RMAT(AF10,5) 

52 F0RriAT(7F10.5) 

53 F0RMAT(^5H 


F0RMAT(3X,«ALL DATA PLOTTED VERSUS WING SPAN^I 
100 F0RrtAT(I5i»2Fl0.5) 

150 I^QRMATdl) 

151 FORMATdS) 


152 FORMATS 

155 FORMAT( 

156 FORMATC 
100 FORMAT< 

1F5.2»2X 
102 FORMAT< 
1*PWM0T» 
10^ FORMAT( 
i«eflux» 

200 FORMATC 

201 FORMATC 

202 FORMATC 
20^ FORMATC 

203 FURHATC 

205 FORMATC 

206 FORMATC 
222 FORMATC 
500 FORMATC 
.515 FORMATC 
53J FORMATC 
535 FORMATC 
5A0 FORMATC 
55u FORMATC 
6U0 FORMATC 

601 FORMATC 

602 FORMATC 

603 FORMATC 
60A FORMATC 

605 FORMATC 

606 FORMATC 

607 FORMATC 
603 FOR.MATC 

609 FORMATC 

610 FORMATC 

611 FORMATC 

612 FORMATC 

613 FORMATC 
61^ FORMATC 

615 FORMATC 

616 FORMATC 

617 FORMATC 
610 FORMAT! 

619 FORMATC 

620 FORMATC 

621 FORMATC 

622 FORMAT! 
1 ) 

623 FORMAT! 
700 FORMATC 


7151 

5X»6I5> 

515) 

9HnCSDLSN-»F<».2,2X#7HCSD0SN-#F4.3,2Xf2HV-»F5.1»2X#5HPC 

»2HH«5F5.2) 

*EFPP0P««,F^.2,2X,*EWDAT-^,F5.1#2X#*EFBATo»»F6.2»2X» 

*»F5d) 

*PWNUKE-*fF6.1#2X>*WAC0LL"*»F5.2»2X#*EFC0LLo*#F«.2#2Xf 

p»F560»2X»*ARo*,F6.1»2HS6) 

GX^ORECTENNA WE*IGHT») 

0Xp«3ATTFRY HEIGHT^) 

7X^«STRUC7UnE HEIGHT*) 

5X,*MISCEUANEnUS SYSTEMS WEIGHT*) 
nx#C«RECTEMNA AREA*) 

0Xp*V6MICLE WEIGHT*) 

5Xp*NUCLEAR SYSTEM WEIGHT*) 

F20d) 

6F10.5) 

I2f F7.<») 

*WCOLL/TLIFT*) 

18HWCING SPAN, B, FT)) 

I2pF10«5) 

5HCAPDS) 

*35H«,«DCRAG COEFF IC I ENT) p CSOD,nSN*) 

*10H*,F10,3) 

*30H=>,^-M( AXIMUM lift COEFF ICIENT) > CSOLpMAXSN*) 
*17H*p«A( IRSPEED p FT/S)*) 

*23H*, •>£! MERGY STORAGE, HOURS)*) 

*22H*,*P(Pnr>ELLER EFFICIENCY)*) 

«326H*,*BC ATTrRY WEIGHT).* H-CH/LB)*) 

*20H*,*nC ATTERY EFFICIENCY)*) 

«22H*p*M<nTQR WEIGHT), H/CLB)*) 

*27H*f *RCECTENNA HEIGHT, LB/FT)2SN*) 

*21H*,*RC ECTEMMA EFFICIENCY)*) 

*39H<«,*ICMCinENT MICROHAVE POWER), W/ CF T )SU2$N* ) 
*25H*,*A(LTITUDE), l(nU-35N CFT)*) 

C33ri*,*PCnWER PROCESSING HEIGHT), W/CLB)*) 

*10H*,*PC AYLOAO POWER), H*) 

*20H*,*PC AYLOAf) HEIGHT, LB)*) 

*13H*,*A(.SPECT RATIO)*) 

C'30H*,*RCr:CTEMtlA REDUNDANCY FRACTION)*) 
*28H*,*SCTRUCTURAL HEIGHT FRACTION)*) 

*25H*,*PCPnPELLER HEIGHT, I.B/LD)*) 

*31H*,«NCUf:iEAR SYSTEM HEIGHT), W/CLO)*) 

*2'*H*,*I1C AXIMUM AIRSPEED, FT/S)*) 


*30H*,*nCSHALD»S AIRPLANF. EFFICIENCY)*) 
*CLMAX Cl. 5)*) 
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710 F0«MAT(*C0»0 (.010>*> 

720 FORMAK^airspeed, FT / S < 1^0 .0 1 ♦ ) nnr 

730 FORMAT(*aATTERr nPERATIONS> HOURS(O.O)*) nSr 

7sS ''*’ oSc 

760 FDRHAT«*PROPeUER EFFICIENCY (.85»*l S2r 

76J F0RMATCA5HBATTERY ENERGY-TO-RE I6HT RATIO, W-H/LB U5.3I» DOC 

770 F0RNATI33HBATTERY OVERALL EFFICIENCY (.8$)) nnr 

77s format(*rectenna weight-to-area ratio, lb/ft/ft(.oa)*i doc 

780 FORNAT<*MOTOR-GEAR POWER-TO-WEIGHT RATIO, W/LB (S73.0I«» DOC 

' fornat«*average energy flux, w/ft/ft (37,)*> one 

790 F0RNAT«»RECTENNA efficiency C.80)*) 225 

800 F0RNATC*WC0LL/TLIFT*) „„E 

60X FORNATCPWBATIERY/TUFT*! 
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